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ENGLISH SUMMARY
In the recent discussion on climate change, more states, e.g. UK, Germany, Denmark, Netherlands and
France, have committed to renewable green energy. The progress of the solar and wind energy industry
makes it possible to sustain society’s electricity demands from renewable green sources. The offshore wind
industry competition pushed down the prices to levels equal or lower to conventional fossil fuel sources.
In the context of lowering design and construction costs in offshore wind, Universal Foundation A/S and
Aalborg University agreed on an industrial PhD program to study the erosion of the seabed around a novel
foundation solution. The Mono Bucket foundation solution promoted by Universal Foundation A/S can
support the offshore wind turbine, with suitable ranging water deeps between 25 and 50m. The foundation
consists of two parts: the embedded caisson and the shaft support. The shaft carries the load from the
offshore wind turbine tower to the caisson, also named bucket. An underwater pump will create a differential
pressure between the inside and outside, or known as suction inside the caisson, which pushes down the
skirt wall below the seabed. The Mono Bucket combines the benefits of traditional foundation solutions like
monopiles and gravity based foundations regarding bearing capacity. The new foundation solution attracts
attention, and the offshore design codes are in the process of accommodating for the innovative use of the
suction anchor technology from Oil&Gas industry.
The geometrical design of the Mono Bucket with a large diameter at the base presents some features
similar to the protection against erosion(scour) used for monopiles. The scour protection around the base
of the monopile has 3 to 5 pile diameters extension with reinforcing materials like rocks. The typical aspect
ratio between bucket diameter and shaft diameter lies between 2 and 4. In case there is a risk of scouring
development around a foundation most offshore design codes like DNV-GL require the use of scour protection
installation. The uncontrolled scouring of seabed soil can destabilise the foundation which could lead to
serviceability or ultimate limit failures. The costs of scour protection and installation can increase the
total costs of the project with significant amounts to exist desire for optimisation. The total cost for scour
protection applied to a single monopile is in the range of 0.1-0.5 mil €. Reducing or removing these costs
could decrease the value of the offshore foundation and improve the competitiveness of novel Mono Bucket
in the world of traditional monopiles and gravity based foundations.
The geometrical optimisation of the Mono Bucket needs to adapt the loads and stability of the upper
structure and the soil conditions and to provide fewer wave loads, and light or no scour protection during a
lifetime. The progress of optimisation must be coherent for all three structural, geotechnical and hydrody-
namical conditions to achieve maximum performance.
The work carried during the PhD project focused on the hydrodynamical performance of the Mono Bucket
and the impact of the scour development of the current design. Three Mono Buckets deployed in the past
≈ ten years with no scour protection provided some field insight about the scour development. In many
PhD research projects numerical and experimental models create better estimations and improve designs.
However, these numerical models and small-scale experiments can lead to differences compared to prototype
models because of the violations of similitude law or because of the limitations of the mathematical models
compared to real physics.
The PhD project addressed the need of knowing whether or not the costs for scour protection could
be lowered to provide the Mono Bucket foundations with additional advantage to the existing well recog-
nised marine-animals-friendly installation, robust commission/decommission and full retrieval after service
retirement of the foundation. Both experimental and field results show good performance with the scour de-
velopment in light and medium aggressive offshore site conditions where usually monopiles would need scour
protection. In the context of recent research regarding tidal flow, waves and scour protection optimisation
iii
the PhD project integrates the Mono Bucket to benefit from these previous findings and to incorporate an
appropriate set of design guidelines for scour protection.
The geometry of the Mono Bucket allows developing scour and backfill which in the context of a medium-
aggressive and aggressive hydrodynamic environment enables the installation of scour protection as refill
material to minimise the impact of the scour protection and to prevent or reduce the edge scour at the end of
the scour protection extension. Thus it decreases the scour protection costs if it is required to use mitigation
solutions.
The flexibility and robustness of methods are known requirements for industry. The numerical methods
still need optimisation to address the scour development problem. Thus, the industrial PhD project focused
on the robustness requirements to assess the scour developments and wave loads on the structure in the
actual design situations encountered during the project extension.
The novelty of the thesis consists of the field results presented regarding the scour development around
the Mono Bucket foundation and the collection of literature data referring to the erosion topic around the
foundation.
DANSK RESUME
Som følge af den seneste tids debat omkring klimaforandringer har bevirket at flere lande, som f.eks. England,
Tyskland, Danmark, Holland og Frankrig har taget vedvarende grøn energi til sig for at fremme udfasnin-
gen af fossile brændsler. Udviklingen indenfor sol- og vindenergiindustrien gør det muligt at imødekomme
samfundets strømbehov fra vedvarende grønne kilder. Konkurrencen i offshore vindindustrien har presset
priserne til et niveau, der er sammenlignelige eller er lavere end traditionelle fossile brændsler. Med henblik
på at sænke design og konstruktionsomkostningerne indenfor offshore vindindustri, indgik Universal Foun-
dation A/S og Aalborg Universitet en aftale om et industrielt PhD program, hvor erosion af havbunden
omkring et speciel fundamentkoncept skulle studeres. Fundamentkonceptet, som er markedsført af Universal
Foundation A/S under betegnelsen ”Mono Bucket Foundation” (MBF) kan bære store offshore vindmøller
også på betragtelige vanddybder mellem 25 til 50 m. Fundamentet består af to dele; den i havbunden in-
stallerede stålskal, også benævnt som bøtten, og skaftet. Skaftet overfører vægten fra offshore vindmøllens
tårn til bøtten. En undervandspumpe skaber trykdifferens mellem inder- og ydersiden af bøtten, et undertryk,
som presser bøttevæggen ned i havbunden. MBF forener fordelene ved de traditionelle fundamentløsninger
monopæle og gravitationsfundamenter i forhold til bæreevne. Dette specielle fundamentkoncept får world
wide opmærksomhed, og offshore design standarderne er ved at anerkende den innovative brug af sugeanker
teknik fra Olie og Gas industrien.
Det geometriske design af MBF med en stor diameter i havbundsniveau har nogle egenskaber, der er
sammenlignelig med den beskyttelse af erosion, der benyttes ved monopæle. Scour (erosion) beskyttelsen
omkring bunden af monopælen har en udstrækning der er 3-5 gange pælens diameter udført med forstærkede
materialer såsom sten. Til sammenligning er det typiske størrelsesforhold mellem bøttediameteren og skaft
diameteren ligger på 2-4. Hvis der er en risiko for scour udvikling omkring fundamentet, kræver de fleste
offshore design standarder, så som DNV-GL, installation af scour beskyttelse. Den ukontrollerede erosion
af havbunden, kan svække fundamentets bæreevne, hvilket kan påvirke funktionaliteten eller i værste fald
medføre risiko for brud. Omkostningerne til scour beskyttelse og installation kan forhøje de totale omkost-
ninger for et projekt betragteligt, hvorfor det danner basis for ønsket om optimering på det område. De
totale omkostninger for scour beskyttelse for én monopæl er i størrelsesordenen af 0,1-0,5 millioner Euro.
Ved at reducere eller fjerne disse omkostninger, vil offshore fundamentet blive billigere og dermed konkur-
rencedygtigheden større.
Den geometriske optimering af MBF skal udføres i forhold til de givne laster, stabilitet af den øvre stål-
struktur og jordbundsforhold samt kunne reducere bølgelasterne, som kan medføre begrænset eller slet ingen
scour beskyttelse hen over møllens levetid. Denne optimering skal udvikles således, at der er sammenhæng
mellem de strukturelle, geotekniske og hydrodynamiske betingelser for at kunne opnå et maximalt optimeret
design.
Det arbejde, der er udført under Ph.D. projektet, fokuserer på den hydrodynamiske ydeevne af MBF
samt indvirkningen på scour forløbet i det aktuelle design. Tidligere installationer med 3 MBF, som har
stået tilsammen i 10 år i Nordsøen uden scour beskyttelse, har givet indsigt i af scour udviklingen omkring
fundamentet. Mange Ph.D. forskningsprojekter på området indeholder numeriske modeller og forsøgsop-
stillinger, der har givet bedre beregningsmodeller og forbedrede designs. Imidlertid fører disse numeriske
modeller og småskala eksperimenter til nogle afvigelser sammenlignet med prototypeinstallationer på grund
af de matematiske modellers begrænsninger sammenlignet med den virkelige verden.
Ph.D. projektet adressere behovet for viden om omkostningen til scour skyttelse, og om de ville kunne
reduceres eller ej, således at MBF ville kunne opnå en ekstra fordel udover den allerede bekræftede marine-
dyrevenlige installation, den robuste installation og dekommissionering, og fulde genetablering af havbunden
v
efter brugen af fundamentet er ophørt. Både eksperimentelle og faktiske undersøgelsesresultater udviser god
performance uden scour beskyttelse i lette og medium aggressive offshore forhold, hvor monopæle normalt
ville skulle bruge scour beskyttelse. Set i konteksten af de nylige undersøgelser omkring tidevand og bølger og
optimering af scour beskyttelse integrerer Ph.D. projektet MBF’en til at udnytte disse tidligere observationer
og til at udvikle et passende sæt af design regler for scour beskyttelse. Under forhold med medium-aggressive
og aggressive hydrodynamikker tillader MBF’s geometriske udformning scour udvikling samt reetablering af
havbunden. Dette muliggør, at installationen af scour beskyttelse og indbygning af beskyttelses materialer
minimeres. Denne udformning påvirker også scour beskyttelsen, hvis den har vist sig nødvendig at etablere
denne og reducerer eller forhindrer scour ved på kanten af den udvidede scour beskyttelse. Således reduceres
omkostningerne ved scour beskyttelses, hvis det er nødvendigt at bruge denne afbødende løsninger. Metoders
fleksibilitet og robusthed er en kendt nødvendighed for industrien. De numeriske metoder har forsat brug
for optimering for at kunne adressere opgaven med scour udvikling. Derfor fokuserede det industrielle Ph.D
.projekt på den krævede robusthed til at vurdere og beregne scour udvikling og bølgelaster på strukturen
i den aktuelle design situation opnået gennem gennemførelse af projektet. Nyhedsværdien i projekts thesis
omhandler de præsenterede erfaringer og resultater i forbindelse med scour udvikling omkring MBF og
indsamling af underbyggende litteratur, der refererer til emnet om erosion omkring fundamentet.
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Preface
The industrial PhD project supported by the Danish Agency for Institutions and Educational Grants syn-
chronised for a period of 2.5 years with Højteknologifonden project (HTF) "Cost-Effective Mass Production of
Universal Foundation for Large Offshore Wind Parks" from October 2013 - October 2016. The HTF project
was initiated and managed by Universal Foundation A/S in collaboration with Aalborg University, Technical
University of Denmark, LIC Engineering A/S and Force Technology A/S. The purpose of this project was to
create a joint group to handle several work packages from which the outcome would be a robust full spectrum
of the bulk detailed design process for offshore wind parks (OWP) supported by Mono Buckets.
One of the work packages from the HTF project addressed the topic of scouring development estimation
for Mono Bucket foundations, thus incorporating the time component of the industrial PhD related to
Universal Foundation from 2014 to 2016. The outcome of the study consists of a tool to assess the undisturbed
sea state at seabed level to characterise the mobility of the seabed. The tool also considers some scour
estimations based on the work of Larsen and Frigaard (2005) and the authors work published in papers A,
B and C.
The work within the industrial PhD extended to other hydrodynamic topics during the HTF project and
continued until the end of the industrial PhD project. The other major field studied during the PhD was the
topic of wave loads acting on the Mono Bucket foundation. During this task, a piece of software was created
to assess the extreme condition waves in the process of feasibility and conceptual design.
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Part I
Dissemination of thesis
1

1. Thesis Outline 3
1 Thesis Outline
1.1 Research Questions
Is it possible to design a cheaper scour protection for offshore wind turbine foundations compared to existing
methods?
• Are some structures adapted to provide cheap scour protection?
• How do these structures look?
• Is it possible to define new design guidelines for scour assessment and design for such tailored structures?
Hypothesis
It should be possible to find structures with cheap scour protection systems as a result of analysing the
process of scour.
The answers to these questions must face the limitation of costs, available technology, requirements of certi-
fication companies and the influence from cost-change of other elements of the structure.
Methodology
• General understanding of scouring process and the potential for MBF without scour protection.
• Small-scale experiments to understand the flow and scour processes.
• Large-scale results and analysis of the flow and scour processes to understand scale effects.
• Filter findings with literature recommendations for scour protection.
• Develop new guidelines for scour protection design of MBF.
1.2 Main Findings
• Some structure incorporate scour protection feature by their geometry which implies a decrease of the
scour protection costs.
• The MBF concept provides built-in scour protection features which reduces the costs for scour protec-
tion.
• The MBF geometry with LTW (discontinues cone) has the smallest scour development together with
a large db/dsh ratio.
• Experimental analysis shows qualitative similarities to the field experience for scour development
around Mono Bucket foundations.
• Further reference for modifying the flow velocity scale makes possible to use the experimental data
quantitatively for prototype design
4
1.3 Outline
The thesis follows the principle of the paper collection in agreement with Aalborg University PhD rules. The
thesis contains a dissemination part (1) and the published papers (2).
Part (1) has an introduction with the status of the offshore wind energy, many foundations and the
afferent features, and state of the art for scouring development around foundations and the application to
Mono Bucket foundations (MBF). The dissemination part then continues with two section referring to the
experimental and field experience around MBF which consists the core of the research. The novelty of the
field results regarding scouring/backfilling development around MBF creates the unique character of the
thesis.
Part (2) contains the papers of the thesis collection published during the research program. The ISOPE-
2014 conference committee proposed paper A for the periodical journal. Due to maximum page requirement
B focuses more on the interpretation of the results and paper A and the literature study. PaperC analyses
the scour development during MBF deployment together with several experimental tests in regards to the
geometrical configuration of the MBF.
Usually, in literature, the stream function used to describe the wave kinematics to assess the wave loads
works with ranges that raise no difficulties in the application of this method. However, in industry practice
most of the times the ultimate limit state goes close to wave existence limit. Paper D illustrates a stretch
method to get results in close to the physical limits of waves.
Publications E and F presentation was in industry related events. Thus, the papers address a more
industry related approach with less scientific features.
Papers G and H are included in the submission process. Paper G analysis the impact of structure’s
height concerning the water depth in live-bed scour. Paper G presents several correlations between grain
size and grain variation that impact the scour development in the live-bed regime. Moreover, it makes a
benchmark with a significant number of expressions for scouring estimation and provides an update on the
fitting coefficient from present DHI/Snamprogetti formulation.
Paper H rounds the field experience for scour during serviceability time for the three previously deployed
(now decommissioned) MBF and the experimental results. Though the experimental tests in the present
work does not reflect scaled studies of the three offshore deployed MBFs, paper H presents both qualitative
and quantitative correlations to the field measurements.
Appendix 1.1 shows the links to some of the figures used in the thesis. Appendix 1.2 provides a piece
of Matlab code made by the author to help to solve linear and non-linear equation using "divide et impera"
algorithm. The code is quite robust and can help solving the dispersion relation for linear wave theory fast
with minimum use of computational resources. Appendix ?? contains an example on how to obtain fast the
dimensionless factors from dimensional analysis.
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2 Electricity from Offshore Wind, still relevant?
The reduction of pollution, CO2 footprint and protection of natural resources is moving beyond the green
organisations’ agenda into ordinary people’s minds as the effects become more evident to the human eye.
Thus, it puts pressure on the political agenda to secure the increase of using renewable resources and the
generation of new jobs in green energy-related industries. Even though nuclear energy is cheap and has a
steady growth development worldwide (World Nuclear Association 2017), the failure of these systems leads
to significant and prolonged negative impact on the environment and human life, which ultimately creates
reticence in people’s mind.
To secure the passage to green renewable energy, lower prices with high safety represents the goals of
both industry and academic research. Hence, research and development translate these demands through
newer technology that is more robust and economically attractive.
In Europe, countries like Denmark, with production above 40% generated electricity from alternative
green sources, push the transfer to have complete use of renewable energy by 2050 (Ministry of Foreign
Affairs of Denmark 2015). Nevertheless, general politics in European Union point to more ecological and
environmentally friendly energy resources.
The preponderant sources of renewable energy are hydropower, biofuel, waves, solar and wind. The
latter three show the most significant potential in the greener side of renewable energy. The hydropower
affects land and rivers by disturbing biodiversity, which can even lead to the eradication of species in many
ecosystems. The released areas required by primary biofuel materials (excluding domestic wastes) could
increase agriculture lands used for the food demand of an increasing human population.
The same arguments apply to the solar plants which could focus on habitable and industrial build-
ings/spaces. The solar plants use large areas, and these covered lands use in agriculture, and forest growth
would provide better value. The onshore wind industry binds well with agricultural activities but causes
inconvenience when it comes to proximity to residential areas, meaning noise, feeling of safety and visual
discomfort. Despite this factor, The Guardian (2016a) announced that the price for onshore wind power
became cheaper than the cost of traditionally generated electricity by fossil fuel burning.
The nearshore and offshore renewable energy, with wind and waves, may be an excellent solution to the
countries with an opening to the sea and oceans, since both sources are quite constant and are away from
direct human activities. Moreover, the offshore site can offer marine life a chance to regenerate by reducing
fishing and improving conditions for new ecosystems. The considerable drawback of the all renewable energy
industries is still the price.
Vattenfall and Dong Energy managed to push bid prices for electricity in the auctions for offshore wind
parks down to a historical minimum (Offshore Wind Power 2016). Therefore, this is the beginning of a new
period in the wind energy sector, in which the technological evolution, risk management, funding pressure
and oil&gas price variation created a faster downfall of the prices in wind energy market. Despite the decrease
in the overall wind energy production in Denmark in 2016 due to reduced winds during the year, the peaks in
2015 and December 2016 when the wind energy production exceeded 100% of the consumption proved that
there is an excellent value in green renewable energy (The Guardian 2016a).
Figure 1 -left shows the percentages for annual electricity generation from wind (onshore and offshore)
and -right with blue bars the offshore wind capacity installed between 2009-2015 in Denmark. With red
bars, figure 1 -right shows the offshore wind installed capacity between 2000 to mid-2016. Both images show
the increasing trend in what the wind energy sector gains in the electricity pool, with impressive growth in
offshore wind. Resulting in demand for bringing the cost down for marine wind energy through brave actions
based on the research and development results in this area.
Nevertheless, reports announcing that wind produced electricity was able to satisfy the total internal
consumption and generating exports as The Guardian (2016b) presents is a great achievement of renewable
industry. The decrease of key cost parameters for offshore wind MWh (e.g. turbine costs, foundation,
installation, maintenance & operations and others) is possible through research and innovation work which
also extends the turbine capacity and operational lifetime.
Serrano-Gonzalez and Lacal-Arantegui (2016) presents an analysis of the offshore wind turbine evolution
between 2005-2014 which shows an increase in rotor diameter from 66m to 120m by 2013, and from 90m
to 180m in 2017, aiming for 200m prototypes and concepts, according to 4COffshore (2017b). The capacity
goes from 2MW to 5-6MW currently available and with concept/prototypes models of 10MW capacity for
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Fig. 1: Left: Percentage of the electricity generated from wind per year in Denmark (The Guardian 2016b). Right:
Annual offshore wind capacity installed in Europe, with only half-year data for 2016 (The Guardian 2016a) and
Denmark between 2009-2015 (Danish Wind Industry Association 2016).
classical vertical three blade turbines (Serrano-Gonzalez and Lacal-Arantegui 2016; 4COffshore 2017b).
The increase in offshore turbine capacities challenges the foundation designers and manufacturers to keep
lower costs by investing in more extensive facilities, optimisation of installation procedure and in innovative
solutions.
The downward cost pressure on the foundations creates difficulties for the solutions (e.g. noise mitigation
curtains) found to meet the environmental and low-risk requirements of certifiers and national authorities.
Moreover, developers are now reducing the risk mitigation cost (as part of experience lesson learned) for
design and constructions of foundations which lowers the prices.
The foundation solution preference for offshore wind turbines (OWT) depends on the water depth and
OWT capacity. The most often used types are the monopile (MP), gravity based foundation (GBF), jacket
(JF) and floating/buoyant foundations (FF) according to Serrano-Gonzalez and Lacal-Arantegui (2016).
However, the picture is not complete, and at a closer look, the classification function of the water depth
should also include the type of structure that carry the loads underwater and the solution that transfers all
these loads into seabed soil. Hence, classification of the support structure should refer to the kind of fixation
into the seabed and the structure types between seabed and wind turbine tower, similar to the work presented
in Nezhentseva (2013). Figure 3 illustrates foundation types while figure 2 shows the support solutions. Thus,
offshore wind foundations can use multiple piles (mP), suction caisson (SC) or helical piles (HP) and not
only single piles or cables anchors.
Figures 2 to 3 illustrate that several combinations of support types and foundations give solutions like
MP, consisting of mono-pad support that fixes into seabed by a single pile, or GBF, which combines mono-
pad support with a gravity base shallow foundation. The next section describes other combinations and the
deriving properties.
The loads (structural, wind and waves) the foundation must carry together with the soil properties
determine the structural sizes. In addition to loads and soil properties, soil erosion around the foundation is
a phenomenon that needs consideration due to the risks implied by the structure. The literature names the
erosion process around foundation as the scour process.
One of the latest offshore park commission (winter 2016 to spring 2017) is the extension of Gamini Park
which involves 150 OWT with a total capacity of 600MW. The OWT rotor has a diameter of 130m with an
overall height of 154m plus the water depth which varies between 28-36m and uses MP foundation with a
diameter of 7m at the base and 5m at the top. The owner reports that the total cost of the project is around
2.8·103mil €. Although stone protection against scour is in place around the MPs, no price is available to
the author knowledge (4COffshore 2017a). Taking a value of 0.15mil € per foundation (DHI Group 2012),
which is an average cost for such protection solution including the material and installation, this will total
the cost to 22.5mil €.
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3 Review of Offshore Foundation Types
The design engineer selects from different foundations and support structures solution available on the market.
Unlike offshore platforms, the OWTs are more sensitive to dynamic load combinations of winds, waves and
currents as the structures are slender and higher which imply different structural responses (Nezhentseva
2013).
The general installation of piles into seabed consists of hammering. By applying bursts of pressure energy
at one end, the steel cylinder advances into the seabed. The larger diameter of the pile is, and with stiffer the
soil, the higher requirements for technology capacity are to hammer the steel cylinder to the target depth.
The installation of piles by hammering generates energy waves that affect the life of marine animals, and
it is not only the mammals as specific installation period restriction suggests but fishes and invertebrates
populations as well (Perrow et al. 2011). The noise generation while hammering is expensive when talking
about mitigation solutions; Nehls et al. (2007) and Bellmann (2014) describe these solutions and give a good
illustration of necessary equipment sizes. Hammering the tubular steel sheet is a robust procedure, widely in
use and easy to design from the structural point of view; however, it is not reversible. Therefore, the piles
are left in the soil after decommission, with typical embedment lengths between 35-80m.
The constant increase in diameter of piles to face the higher OWT creates new challenges for hammering
technology. The industry and the academical communities research for alternative installation methods. Such
techniques refer to drilling, vibrating and torque. The first two techniques involve large relative diameters
while the latter refers to a shaft with helices around.
The drilling technology is similar to horizontal piling onshore (Spagnoli et al. 2013) and works inside the
pile to remove the soil and to lower the steel cylinder. The critical feature of this method is the reduction of
noise and replacement of drilled soil with concrete. 4COffshore (2013) mentioned two offshore wind farms,
Bockstigen (Sweden) and Barrow (UK), which used the drilling technology for pile installation. With the
additional use of concrete, the decommission of pile looks similar to the piles installed by hammering.
The innovative use of vibrations to install piles receives significant attention both from research and field
trials. The vibration waves create resonance within the soil particles and liquefy it which ensures that the
steel cylinder drives into the seabed. There are still challenges with the method regarding frequency and
amplitude alignment with soil properties (el Kanfoudi 2016). However, a full decommission test shows that
the technique is also reversible to some extent (Holland 2016).
Screw piles are an alternative to the increasing dimensions of both pile diameter and installation tech-
nology under research. The torque during installation correlates with the bearing capacity. The small shaft
diameter with large helices around makes the solution ideal for tension-compression responses and less suit-
able for bending moment (Al-Baghdadi et al. 2017). Use of screwing pile in soil dates back to 1838; it uses a
smaller amount of pile material and couples the ground as a large pile-soil cylinder, and it requires reduced
size installation equipment which has low noise levels (Byrne and Houlsby 2015).
Shallow foundations rest on top of the seabed, and their bearing capacity relies on the wide footprint
to provide stability to horizontal, vertical and overturning moment. The installation challenges stay with
the transportation to site and filling with ballast after touchdown seabed. The limitations of this solution
remain within shallow water depth limitation, and the GBS section contains further features of these bearing
structures.
The suction technology for offshore foundations has a long history in oil& gas industry and is gaining
ground in the offshore wind sector as well. The installation applies differential pressure (suction) inside a
caisson using a pump unit which initiates the driven-in force. The robust technology is noise free, reversible,
and is suitable in non-rocky soils and different range of water depths. Moreover, it has a high capacity to
withstand short duration pulling forces, using "boot effect" as Nielsen (2016) illustrates.
3.1 Monopile Foundations
The most prefered solution for offshore foundation consists of a cylindrical steel sheet, which uses hammering
for installation. This deployment technique has proved to be environmentally unfriendly; thus, it requires
additional noise mitigation solutions or alternative installation solution like vibration technology. The pile
transportation to the site can use a dry-on vessel or wet-floating methods.
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Fig. 4: Offshore installation types of equipments: red - pump unit for suction caisson; magenta - vibration unit
for vibrating piles; blue - torque unit - for screwing piles; green - noise mitigation system for hammering piles with
hammer unit (orange). Adopted from Universal Foundation A/S, Super Green Wind and Cape Holland - see section
1.1 for links
.
The foundation solution has a simple configuration which makes research and design relatively easy.
Thus, the progress of numerical models experiences a significant development in agreement with field and
laboratory experiments. Figure 5 sketches the loads at the seabed and the specific bearing capacity. The
latter illustrates the tip resistance in case of plugged soil or internal skin friction for unplugged soil and lateral
strength to the plastic rotation of the pile.
Therefore, the advantages of this solutions are robustness, simplicity in design and existing experience.
The disadvantages are mitigation issues; partial decommission and large scour protection costs.
3.2 Gravity Based Foundation
GBF is a typical foundation solution for nearshore shallow water wind turbines. Is suitable for soil conditions
that prevent embedment of sheet walls below seabed level like boulders or rocky soils. GBF usually consists
of a concrete structure with ballast ready pockets. When the foundation reaches the installation position, the
foundation is filled with the additional weight material (sand or concrete) and will sink on top of the seabed.
As the foundation stays on the seabed, it is more sensitive to changes in the contact surface. Therefore,
skirt walls added to the GBF edge with 1-2m depth offers a certain level of protection of the soil under the
foundation against scour.
The OWT loads usually have large lateral loads compared to the vertical ones. Hence, the footprint
must be large enough to provide stability against the overturning moment and horizontal translation. As the
sketch in figure 6 shows, the contact area providing bearing capacity (blue triangle) reduces to a portion of
the footprint.
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Characteristics Details
Support type monopod
Foundation type pile
Installation method hammering
Support diameter(ds) 3.5-8m
Foundation diameter
df
4-8m
Embedment depth 7-10·df
Noise mitigation required
Scour protection required
Full decommission not possible
Loads at seabed level horizontal, vertical and
overturning moment
Bearing capacity lateral skin friction, plug
or unplug into soil, lat-
eral pressure
SWL
Fig. 5: Monopile - illustration of loads at mudline (red) and bearing capacity (blue)
Characteristics Details
Support type monopod
Foundation type gravity base
Installation method sinking&ballast
Support diameter(ds) 3.5-8m
Foundation diameter
df
4-5·ds
Embedment depth 0
Noise mitigation not required
Scour protection required
Full decommission possible
Loads at seabed level horizontal, vertical and
overturning moment
Bearing capacity horizontal sliding, verti-
cal support, active pres-
sure
SWL
Fig. 6: Gravity Based foundation - sketch of loads at mudline (red) and bearing capacity (blue)
3.3 Jacket Foundation
The JF increases the overall structural inertial properties while keeping a small element diameter. The
structure support is suitable for medium to deep waters. The jacket foundation is widely used in the oil&
gas industry and lately has gained much interest for the offshore wind industry. The costs of fabrication,
however, limit the broad use of this solution. JF can have three or four main legs interconnected with braces.
The legs fixation into seabed can use piles. The pile’s installation can follow either pre or post jacket
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arrangement on the seafloor. The HP or SC weld onshore can replace the hammered steel cylinders. Another
positive feature besides the increase of inertial structural properties is the loading transmission to the seabed,
cf. figure 7, which couples pulling-pressing loads (hence, no moment) and lateral push.
Multi-pods single shaft structures could keep prices low by reducing the complexity of welds. Such a
model consists of a single shaft that splits into three or four cylinders with a smaller diameter closer to the
seabed to increase the inertial properties of the support structure and does not require additional bracing.
Characteristics Details
Support type jacket
Foundation type single or helical piles,
suction caissons
Installation method hammering or suction
pressure or torsion
Support diameter(ds) 0.5-2m
Foundation diameter
df
2-3·ds
Embedment depth 4-7·df
Noise mitigation required for hammering
installation
Scour protection required
Full decommission possible for suction cais-
son
Loads at seabed level horizontal & vertical
forces
Bearing capacity vertical support & active
pressure
SWL
Fig. 7: Jacket Foundation (left foot suction caissons and right foot piles) - sketch of loads at mudline (red) and
bearing capacity (blue)
3.4 Floating support Foundation
The FF makes use of buoyancy and anchors to support structures above in deep waters. Andersen (2016)
illustrates a status of the existing concepts and installed prototypes of FF, counting up to 30 current models.
This support solution seems to be a good alternative for deepwater conditions, mainly as Andersen (2016)
shows that deep water represents a larger area than the shallower waters for possible wind turbine deployment.
However, is still desirable to keep the wind turbines in a cost/wind source/visual impact balance which again
suggests close-to-shore wind farms.
While the buoyant support structure can have different shapes and submerged depths, the soil fixation
is subjected to pull forces. In such deep waters, suction anchors can be more efficient installation wise than
the hammering piles as it requires less technology for deployment and uses skin friction on a larger lateral
surface. The helical piles can be a good solution as they have good performance when resisting to pull force.
3.5 Mono Bucket Foundation
The Mono Bucket foundation concept integrates the features of a monopod transfer structure which rests on
a caisson. The caisson incorporates the bearing features of a pile and a gravity based foundation with a skirt
length to bucket diameter ratio between 0.56-1. Thus, it uses skin and tip resistance typical for monopiles
and the weight of the entrapped soil as the dead-weight ballast as in the case of gravitational foundations.
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Characteristics Details
Support type cables&buoyancy
Foundation type single or helical piles,
suction caissons
Installation method hammering or suction
pressure or torsion
Support diameter(ds) 0.25-1m
Foundation diameter
df
4-5·ds
Embedment depth 5-7·df
Noise mitigation required for hammering
Scour protection optional
Full decommission possible for suction cais-
son
Loads at seabed level vertical pulling forces
Bearing capacity vertical support
SWL
Fig. 8: Floating foundation (left foot suction caisson, middle foot helical pile and right foot piles) - sketch of loads
at mudline (red) and bearing capacity (blue)
The latter feature has the gravity centre below the seabed, which in fact is more beneficial for the bearing
capacity. The gravity centre below seabed differentiates the MBF (or other support structure placed on top
of SC) from skirted gravity foundation.
Another combined feature for the SC as mentioned at the beginning of this section is the "boot effect". The
boot effect emphasises the increase in the bearing capacity during transient loading burst as a consequence of
pore pressure release compared to the load action time (Nielsen 2016). The Draupner Offshore jacket platform
experienced such phenomenon in the oil&gas industry (Hansteen et al. 2003). The structure encountered a
wave with a height significantly longer than the considered value in the design, and the recorded responses
showed a build of suction pressure in the pulled caisson close that provided the over-resistance (Tor Inge
Tjelta, 2016 - Personal Communications).
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Characteristics Details
Support type monopod
Foundation type suction caissons
Installation method suction pressure
Support diameter(ds) 4-9m
Foundation diameter
df
2-5·ds
Embedment depth 0.5-1·df
Noise mitigation not required
Scour protection optional
Full decommission yes
Loads at seabed level horizontal, vertical and
overturning moment
Bearing capacity lateral skin friction, plug
or unplug inside soil, lat-
eral pressure, "boot ef-
fect"
SWL
Fig. 9: Mono bucket foundation - sketch of loads at mudline (red) and bearing capacity (blue)
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4 Scour again? Didn’t we agree to throw stones?!
The risk of scour can reduce the lifetime of offshore structures by changing to an unstable state of the
structure or even leading to collapse. Therefore, most designs consider the use of scour protection for
mitigation solutions and focus on the stability of the protection system.
Hartvig (2011) shows some simple cost calculations and uses a low total price for scour protection of
100,000 € on a single monopile foundation using rock dumping around it, compared to steel addition with
1 € per kg of steel to account for extra steel length due to scour development. The simple calculation from
Hartvig (2011) reflects the fact that for some scour depths it is more convenient to have the steel addition
than the scour protection. DHI Group (2012) also reported costs for scour protection 80,000-150,000 € per
monopile foundation.
Hartvig (2011) and Andersen (2016) illustrate the existing and the potential OWP. Both show an increase
in numbers of OWT and also their capacity. The increase in capacity implies larger dimensions for the support
structure. Massive dimensions imply deeper scour pits if the design deployment considers no scour protection
solution. Likewise, installation with scour protection increases costs if considered in the design. On small
OWP, the scour protection cost might be acceptable but when talking about larger sites above 50 OWT, the
costs for scour protection can be an important source of economy. For example the Dogger Bank site, North
Sea - UK, estimates between 480 to 800 OWT with a capacity per turbine of 10 MW according to 4COffshore
(2017c). So following the calculation from Hartvig (2011), though larger prices for scour protection could be
more representative, the cost would range between 48 to 80 mil. €. Different scour protection solutions can
make some economy on such large amounts of money or various contingency plans to place scour protection at
a later stage during some scour development. Hence, together with the possibility of built-in scour protection
the costs can be lowered, and the offshore operations reduced.
One way to group the scour protection solutions is according to their arrangement concerning the struc-
ture. The categories, from table 1, refer to (1) disperse material, such as rock dumping which uses the weight
and dimension of cobbles and rocks to protect the seafloor. The system can have one to several layers to
ensure that the reduced size sediments on the seabed are not removed between the larger size cobbles and
rocks, see the study case from Sumer and Nielsen (2013). Therefore, small size rocks and cobbles serve as
a filter material, and then the stability of this layer is ensured by the armour layer. The armour layer can
behave in two ways, as a static system which means that the stones are designed not to move under extreme
events, or dynamic scour protection which means that the armour material can migrate but without com-
promising the scour protection system. The arrangement of dispersing scour protection differs significantly
from concept and testing models compared to real deployment; table 1 illustrates this aspect quite well.
The scour protection category (2) collects material into bags to combine properties of the filter and
armour layers from dispersing material scour protection. Depending on the bag type, the filling material can
be anything from sand to cobbles. The advantages of this method consist mainly of the use of smaller sized
filling material with sufficient stability in extreme events. The better arrangement ensures a wiser use of
materials which increases the efficiency of scour protection system. Table 1 shows in the case of fillet bags
that both in concept and field deployment it is easier to get the scour protection arrangement from design.
The drawback would refer to the prices/lifetime ratio of the bag material. A material that deteriorates in 25
-30 years under marine environment may require repairs. Like in the disperse material the filled bag solution
ensures increased flexibility to face the seabed geometry.
The scour protection system (3) can consist of complexly built units such as mattresses (concrete or
artificial grass). These complexly built units are connected, so the total number around a structure is in fact
limited. The low number of units results in slimmer layers and with a high accuracy arrangement around
the structures. The disadvantage of such materials like in the case of filled bags remains in the product price
and the lifetime of materials. In general, these systems are flexible to ensure good contact with the seabed
and avoid underflow. A typical application of such methods is in the case of pipelines and J-tubes. Given the
compactness of the materials, the impact height is small. With artificial grass, the wires are all in the range
of 1 - 3 m; however, the stability units are less than 0.5m. The environmental impact of such materials can
be debatable, as, on the one hand, it creates sustainable eco-subsystems, and on the other hand, the plastic
(typical material for artificial grass) can have an adverse environmental impact.
The last category (4) refers to build-in features of the structure that reduce the bed shear stress by
changing the flow-structure interactions. This solution can be similar to chimneys design or have variations
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Disperse Mate-
rial
Filled Bags Mattresses Build-in
Scour protection system - Field deployed examples
Rock layer
around OWT
foundation
Bags on top of a
pipeline
Artificial grass Jack-up vessel leg
with spudcan
Scour protection system - Concept examples
Two layers rocks Bags around
MPF
Artificial grass
& concrete
mattress
Skirt collar
around MPF
Dimensions of scour protection systems
dsp = df · (1 : 5) dsp = df · (1 : 5) dsp = df · (1 : 5) dsp = df · (1 : 3)
hsp = 0.5 : 3m hsp = 0.5 : 3m hsp = 0.25 : 3m hsp = 0.1m : 3 ·df
Unit (element) dimension of scour protection systems
dunit = 0.05 : 1m dunit = 0.05 : 1m dunit = 0.05 : 1m dunit = 0.05 : 1m
Mass of scour protection systems
Munit = 60g : 6t Munit = 2t : 8t Munit = 0.1t : 1t Munit = 0.5t :
100t
df - diameter of foundation dsp - diameter of scour protection
dunit - diameter of the scour protection’s unit hsp - height of scour protection
Munit - mass of the scour protection’s unit
Table 1: Scour protection classification using disposition around structure, pictures adopted, please see section 1.1
for links
in diameters (like spudcan legs of jacket vessels) or with multi-legs that have smaller diameters as in the
published work from Sweeney et al. (1988). Another way to have a built-in scour protection system could
just be to have prolonged embedment length to account for the scour development like in the Hartvig (2011)
study. The industry disregards the performance of such structures. However, the combination of these
solution systems can, in fact, decrease the total price for the overall scour protection process and reduce the
size of the offshore operation equipment.
The deployment of scour protection can be prior structure installation (1). Typically used for shallow
foundations like GBF. On erodible seabed conditions, GBF requires seabed preparations by adding a filter
layer under the entire footprint of foundation additionally to the scour protection extension. This procedure
ensures that no scour occurs after GBF installations. The cobble filter layer can be replaced by the concrete
mattress, as in the field deployment of gabion mattresses F3 offshore platform described in Bos et al. (2002).
If the scour protection system is built-in, then the typical foundation installation will implicitly deploy
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such system (2). In case of structures exposed to scour, the embedment length of the pile/suction caisson
is longer; thus, it requires longer embedment length below the seabed. Same goes for collars with skirts.
The prolonged installation depth induces costs to increase because of the more heavy installation equipment
needed. Such considerations have not been reported for example in the cost estimations from Hartvig (2011).
Deployment of scour protection immediately after completing the installation (3) of the structure reduces
any seabed erosion further than the moment of installation. However, it usually means that the berm height
can generate scour on its own. Notably, for rock dumping or filled bags in more than one layer, as reported
in the work of Petersen (2014). This installation procedure for scour protection is accessible to plan and
ensures available logistics at that point. Nevertheless, the possible scour at the edge of the protection system
can create instability to the scour protection system itself. To account for edge scour then the spread and
the height of the mitigation solution increases, and it translates into higher costs for the scour protection
When allowing a certain level of scouring to develop before deploying scour protection post-installation (4),
then scour protection berm impact reduces. This artificial backfill can be done with dispersing material
or with filled bags or different mattresses. The latter one can be a contingency solution as the height of
the mattresses is not that large. The maximum height in table 1 refers to the grass height. The thickness
of concrete mattress or used car tires usually stays below 0.5 m as previously mentioned for the stability
elements of the grass mattress.
Fig. 10: Scour protection deployment using dumping rock around OWT foundation, pictures adopted, please see
section 1.1 for links
The planning of logistic operation when large dumping vessels/barges with or without fall-pipe are impor-
tant. The dumping vessels can engage in other installations so contingency plans that require fast, unplanned
interventions may become difficult to achieve. Figure 10 shows the dumping barge without fall-pipe placing
disperse material for scour protection at an OWT foundation.
Fig. 11: Scour protection deployment equipment, left: fall-pipe, center: crane, right: crane, pictures adopted, please
see section 1.1 for links
Using guidance during scour protection installation increases the efficiency of the dispersed scour pro-
tection system. Thus, arrangements like the one reported in Sumer and Nielsen (2013) can be improved to
ones like in Egmond aan Zee park reported in Petersen (2014). Figure 11 - left shows the concept of fall-pipe
dumping vessel while figure 11 - centre and right show the installation using a crane. All scour protection
installation cases require inspection.
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It is important to assess the environmental conditions, both flow and sediment properties, and the
interaction with the structure to take the most suitable decision in the process of design. Different foundations
require a different level of scour protections.
Design codes like DNVGL-ST-0126 (2016) recommend protection against scour development in case the
seabed is susceptible to scour. DNVGL-ST-0126 (2016) makes no recommendation on the use of a specific
type of solution for scour protection. However, the design in most cases requires certification with a laboratory
test. Figure 12 sketches the most used solution: the dispersed scour protection model for different support
structures. Intuitively, foundations that have a larger diameter of seabed compared to the diameter of the
support structure can have a reduction in the scour protection size, as previously discussed for spudcans and
oil rig jack-ups. In general, the design of such structure does not consider built-in scour protection; therefore,
there are no additional cost implications.
SWL
lter material armour material
Fig. 12: Disperse scour protection with two layers around various support structures sketch
The thesis focuses on the features of the MBF which due to its built-in geometry presents scour protection
features by the large diameter at the seabed level. The considered built-in scour protection in case of MBF
has no additional scour protection induced costs. Moreover, it refines and continues the work from the master
thesis "Scour Development around Bucket Foundations", Stroescu, 2013.
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5 State of the Art in understanding the Scour Development around
Mono Bucket Foundation
Nezhentseva (2013) and Larsen and Frigaard (2005) have reported on scour development around MBF re-
search and research with similar geometries to MBF is available in Whitehouse et al. (2010), Whitehouse
(2004), Yu et al. (2016) Tavouktsoglou et al. (2016) and Tavouktsoglou et al. (2017); in fact quite a limited
amount of studies. The literature review of the scour process will refer to generalities of the flow and scour
around MP and to studies that can be related to MBF geometry. Hence, a methodic approach which enhances
the current study outcome in regards to MBF generated scour.
The scour phenomenon represents a physical process related to the movement of the seabed sediment by
the flow of water in the presence of a structure (Sumer and Fredsøe 2002). The accepted parameter referring
to seabed erosion, fig 13, is the Shield’s number (Shields 1936), eq. 1. The critical threshold was modified
to account for the dimensionless grain number,D∗, by Soulsby (1997), eq. 2. Whitehouse (1998) summarises
the use of the critical Shield’s parameter (re)defined by Soulsby (1997).
+
+ +
+
+ +
- - - -
-
-
-
+
-
G
Fuid
Fdrag
Flift FG
+
- Fuid
Flift
Fdrag
+
+ -
-
Streamline contraction
contact 
points +
FG
+
-
Fuid
Flift
Fdrag
+
+ -
-
Streamline contraction
contact 
points +
Low Re
High Re
Resting uid
Drifting uid
Fig. 13: Erosion of seabed sediments - force acting on a sediment particle, inspired from MITOpenCourseWare
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Sumer and Fredsøe (2002) refer to the following bullet points to describe the scour process existence:
• flow contraction in the vicinity of the structures
• vortex formation in front and lateral sides of a structure in the vertical plan, named horseshoe vortex
• vortex formation lee side of the structure in the horizontal plan, named lee-wake vortex
• turbulence
• generation of reflected waves and diffraction of incoming waves
• wave nature breaking/non-breaking
• the pressure change in soils which can liquify bed material that can be flushed by currents
Sumer and Fredsøe (2002) converge the list above into the stress amplification factor at bed level, α =
τ/τ∞, or with M notation like in Whitehouse (1998). The amplification of the bed shear stress, α, results
from the presence of the structure that blocks the uninterrupted flow. The flow will overcome the blockage
volume by increasing the propagation speed around the structure. Both Whitehouse (1998) and Sumer and
Fredsøe (2002) report typical values of α with a range between r(2 : 12).
In case the bed shear stress in the undisturbed conditions is below the critical bed shear stress (the
sediment resistance) no transport of sediments occurs. Furthermore, when any amplification in the bed shear
stress generated by the presence of a structure increases above the threshold of sediment motion then clear-
water scour will develop (Sumer and Fredsøe 2002; Whitehouse 1998). Similarly, if the undisturbed bed shear
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stress is above the threshold of sediment, it means there is already an erosion of the bed. Hence, the bed
shear stress amplification in the presence of the structure in this condition results in live-bed regime scour.
Eq. 1 shows the Shields parameter expression, the ratio between the bed shear stress and soil resistance
(Shields 1936).
θ = τ(s− 1) · ρ · g · d50
= fc · U
2
(s− 1) · g · d50
(1)
The state of the undisturbed seabed condition controls the scour equilibrium mode. Hence, if clear-
water scour regime describes the seabed state at the site, then the presence of the structure can generate a
quasi-static equilibrium hole. Once scour reaches maximum depth, the gap will further change insignificantly
compared to the maximum scour depth, cf. the green line in figure 14.
If instead live-bed regime characterises the seabed state, then the structure presence will generate a
dynamic scour hole. To the existing level of generalised erosion, the scour due to structure presence will
oscillate around a mean value. The income/outcome ratio of the suspended sediments transported by the
water flow controls the scour hole oscillation. Figure 14 illustrates both situations; however, the difference
between the two states of equilibrium is for illustration purposes.
S/d
T
Static Equilibrium Scour
Dynamic Equilibrium Scour
Fig. 14: Example of scour development to equilibrium in time, in clear water with static equilibrium in green and
live bed with a dynamic equilibrium in blue, the amplitude is not in scale
.
The threshold of motion or the critical state for seabed motion can be written using the fit formulations
to Shields diagram as given in Soulsby (1997) in eq. 3 using the dimensionless grain parameter from eq. 2.
D∗ = d50
[
(s− 1) · g
ν2
]1/3
(2)
θcr = f(D∗) + 0.055[1− exp(−0.02 ·D∗)] (3)
Sumer and Fredsøe (2002) describe the offshore marine environment as a transient medium. Unlike
rivers with the related scour around piers of the bridges and dams, the maritime climate can experience flow
velocities from tides, waves and the combinations of the two. Therefore, the process of scour is more complex
and not singular. Variations in the scour depth can occur or even entirely refill the hole. The phenomenon
by which the scour hole reduces or returns to the original level is named backfill, and it has been the subject
of limited research like Hartvig et al. (2005) or Petersen (2014).
Eq. 1 shows the significance of the flow velocity that controls the bed shear stress in the process of
scouring, which is also intuitive. As the water flows around the structure, the speed will increase, and it can
enter into a turbulent or laminar state concerning flow-structure interaction. Figure 15 illustrates the flow
around a vertical structure and shows the vorticity source for different scour modes.
Sumer and Fredsøe (2002) shows the flow interaction with a vertical cylinder structure as in figure 15 -
top. The flow approaches the structure, and the pressure of the water makes the up-flow rise and generates
an increased waterfront at the structure. The down-flow along pile height reaches the bed, and there the
water train amplifies the velocity of the flow around the structure at seabed level. The flow (up, down and
at seabed) generates an increase in the vorticity along of the structure in the boundary layer height, δ.
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At seabed level both the structure and the seabed block the flow and will induce vorticity that will travel
parallel with the flow direction and rotates perpendicular to flow propagation toward structure; this implies
an increase of the adverse pressure gradient. Literature studies refer to this vorticity as horseshoe vortex.
The shape around the structure looks like a horseshoe.
The horseshoe vortex requires the existence of the incoming bed boundary layer and for the adverse
pressure gradient that the structure will induce to be large enough to generate a separation of the flow
according to Sumer and Fredsøe (2002). Figure 16 illustrates the horseshoe vortex in the lower half of the
circular cross-section with the thick black line and with black circles and red arrows in the vertical view.
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Fig. 16: Flow - bed - structure interaction for vertical cylinders and vertical cylinders with a change in diameter at
base, inspired experimental observations and from Sumer and Fredsøe (2002)
Above the horseshoe vortex formation, the flow passing around the structure cross-section for the entire
height will generate vortex shedding and will continue into lee-wake vortices. The vertical vortex sheets
(lee-wake vortex) will behave similar to small tornadoes and will reach the seabed behind the structure. If
the horseshoe vortex exists at the lee-side of the structure, then the lee-wake vortices will incorporate the
horseshoe vortex, cf. figure 16. The process of incorporation happens as the horseshoe vortex loses energy
in the lee side of the pile concerning flow direction and the lee-wake vortex then incorporates it into its
movement as the horseshoe vortex starts to rotate in the horizontal plane.
The lee-wake vortex appears as the adverse pressure gradient increase and the velocity profile changes
along the surface of the structure. It then results in a separation of the flow and the formation of the vertical
vortex sheet, as shown with blue-red colours in figures 15 and 16. Depending on the Reynolds number,
the lee-wave vortex can have several distributions, figure 17 illustrates the Re dependency for steady flows
laminar non-separated flow to unsteady turbulent flow. However, in the post-critical regime (typically the
case for offshore structures), the pair of vortices will alternate as shown in figure 15 top or figure 17 (Sumer
and Fredsøe (2006) describe more variations of the lee-wake vortices). The lee-wake vortices will be in the
unsteady turbulent case. After a certain distance proportional to flow intensity, structural diameter and
shape, these vortices lose energy, and eventually the flow unites again.
The boundary layer is the buffer that forms between either seabed or the walls of the structure where
the velocity is zero until the velocity reaches undisturbed velocity by the walls. If the velocity and viscosity
in the fluid are small in laminar flow, then the boundary layer will be steady. As the flow increases velocity,
then small vorticity will form in the boundary layer that will add to the average kinematic viscosity and eddy
viscosity component. Figure 17 sketches the physical phenomenon and shows it as a function of Reynold’s
number (Re) number. Re is the accepted parameter used to describe for steady and unsteady flows and
the separation around a structure. Sumer and Fredsøe (2002) refer to Re in form of ReD = U · ds/ν or
Reδ = U · δ/ν. The latter formulation shows that with lower Re there is lower extension and intensity of the
horseshoe vortex in case of laminar boundary layer flow. In case of turbulent boundary flow then the effect
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(2002), Whitehouse (2004), Petersen (2014)
is reversed, which means that larger Re generates lower horseshoe vortices.
Sumer and Fredsøe (2002) identify several parameters that control the vortex generation, intensity and
length in addition to the Re. In case of horseshoe vortex, (1), the geometry can impact, with variations of
±10% when comparing round sections to square sections. Hence, an arrangement, with an edge perpendicular
to flow direction has a larger separation length xs at 90o direction. At 45o with the tip facing the flow direction,
it has smaller separation length than a cylinder according to Sumer and Fredsøe (2002) (xs is sketched for a
round section c.f. figure 15).
The height of the structure impacts the adverse gradient pressure, which reduces to pile height. Besides
these two geometrical parameters, Sumer and Fredsøe (2002) show the impact of δ/ds parameter that it
carries on the horseshoe vortex. The smaller value of the ratio, the lower the horseshoe vortex intensity is.
An indirect factor for the horseshoe vortex is the roughness of the surface which reflects the height of the
boundary layer. On a rough surface, seabed or structure the flow will reach turbulent conditions faster at
smaller Re numbers. In this case, the presence of the turbulence or small vortices will reduce the boundary
height as the flow reaches the ambient velocity faster.
In case of the lee-wake vortex (2), geometry is also an important parameter. Thus, a flat plate or a
rectangular section will generate stronger eddies than a round or wing shape. In the lee-wake vortex, the
roughness plays a direct role. The roughness will determine the separation of the flow and the intensity of the
vortices. A rough structural surface will generate more turbulences with smaller intensity lee-wake vortexes.
When the structures have a different diameter at the base, then the flow pattern splits between the two
geometries, cf. figure 15. In fact, splitting the flow in two and using the larger diameter at the base to protect
from the flow amplification of the upper structure represents the basic philosophy of the scour protection.
Literature studies like Whitehouse (2004) and Petersen (2014) illustrate the flow patterns as in figure 18 -
bottom.
The differences comparing the structure with two diameters and the structure with single vertical cylinder
refer to the continuity of the vortices and their intensity on the seabed. Hence, the horseshoe vortex and
the lee-wake vortices will not reach with the same intensity on the seabed. The larger diameter at the base
can induce changes in the patterns of vorticity. The separation changes from 90o and 270o as is the case for
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Fig. 18: Flow - bed - structure interaction for vertical cylinders and vertical cylinders with a change in diameter at
base, inspired from Sumer and Fredsøe (2002), Whitehouse (2004), Petersen (2014)
slender cylinders to 45o and 315o for the larger diameter. Moreover, Petersen (2014) refers to a new set of
vorticity as the counter-rotating vortex in the lee side of the pile concerning the flow direction, illustrated in
purple in figures 18 and 15. These vortices appear as the contraction of the streamline has two zones: (1) for
small diameters and (2) for larger diameters.
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Fig. 19: Oscillatory flows the impact of wave boundary layer and KC on the undisturbed flow, inspired from Fredsøe
and Deigaard (1994)
The situation changes when moving to oscillatory flows because it implies superposition on top of the
drifting flow of waves. In this case, the boundary layer from steady or unsteady flows forms with the
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additional component from the oscillatory velocity of wave close to the bottom, cf. 19 bottom graphs. In
case of oscillatory flows with or without drifting currents the most frequently used parameter to describe the
vortex formation is the Keulegan Carpenter number (KC) (Sumer and Fredsøe 2002), KC = U · T/ds. The
KC controls both horseshoe and lee-wake vortices formation, cf. figure 17.
Figure 19 - top and figure 17 show the relation between KC and vortex formation. Hence, for low KC
(KC<1) the horseshoe vortex cannot even form or it has reduced in intensity. Figure 19 - top side shows the
oscillatory movement described by a sinusoidal wave, which is a particular simplified form of KC as a result of
the amplitude and structural diameter, KC = 2·π·ads . This particular case provides a reasonable explanation
of the KC physical meaning as the wave stroke over the diameter. Therefore, KC<1 means that the stroke
is smaller than the diameter and because of that the vorticity will be altered.
In case of drifting oscillatory flows, the velocity in KC sums both current and wave component. As the
value of KC reaches a value between 1 and 2, the stroke equals the diameter of the structure. For each half
period of the wave, the lee-wake vortex forms. The observation follows Fredsøe and Deigaard (1994) and
Sumer and Fredsøe (2002) who state that in case of the lee-wake vortex, for low KC, the vortex will stay close
to structure in an almost symmetric manner. When KC increases, the lee-wake vortex will have longer spans
with alternating pairs within the oscillation period. Reaching to the particular case that if KC approaches
infinite, then half a stroke would behave like steady/unsteady currents, see figure 19 - top left pile and figure
17 high Re and KC =∞.
In Fredsøe and Deigaard (1994) and Sumer and Fredsøe (2002), derivations of the logarithmic flow profile
inside and outside the wave boundary layer have a similar form to the one for the current alone (outside wave
boundary layer) from Soulsby (1997). The region inside wave boundary layer refers to the zone of the drifting
boundary layer, δ, cf 19 bottom left. It implies the summation of the drifting (current flow) velocity with the
wave velocity and together to form the instantaneous velocity. Therefore, inside wave boundary layers, the
wave turbulences have a significant impact on the flow boundary compared to the drift flow turbulence. In
the region outside the wave boundary layer the wave component of the flow turbulence has a small impact
compared to the current flow, so only flow drift turbulences are considered. Based on these the formulations
4 and 5 are extracted from Fredsøe and Deigaard (1994) and Sumer and Fredsøe (2002).
In the flow drifting with no waves inside boundary layer with, when Ufw=0, Soulsby (1997) uses the
same formulation, eq. 5, to define the dimensionless drag factor. Fredsøe and Deigaard (1994) and Sumer
and Fredsøe (2002) show that the velocity inside the wave boundary layer under combined current and waves
is less than when no waves affect the flow drifting, as illustrated in figure 19 bottom right.
U
Ufc
= 1
κ
· ln
(
30 · z
kw
)
(4)
U
Ufc
= 1
κ
· Ufc
Ufc + Ufw
· ln
(
30 · z
kN
)
(5)
While the calculation of eq. 5 is straightforward to be applied, for the eq. 4 case, more calculations are
required to determine the roughness parameter or the friction factor inside the wave boundary layer, Fredsøe
and Deigaard (1994) describe how to compute kw on page 60.
Usually, the wave boundary layer measures between 10%-30% of the water depth from the seabed, so for
shallow water, this would correspond to 2-3m while for deep waters this can go between 10-30m, according
to Fredsøe and Deigaard (1994) and Sumer and Fredsøe (2002).
In the case of conical structures, similar to structures with a larger diameter at the base, the bed shear
stress reduces at seabed compared to cylinder case. Figure 20 illustrates the different pattern in intensity
according to Sumer and Fredsøe (2002) for the cylinder and cone. Even though, the magnitude is different for
steady and oscillatory flows. The amplification factor shows orders difference between 4 and 7 for the cone
and cylinder case. Therefore, the amplification of conical structures is lower for the truncated structures.
Tavouktsoglou et al. (2017) relate this effect to two diameter structure with a conical connection to the
decrease in the adverse pressure gradient and shows a dependence on the angle of the conical part.
The seabed erosion independent of structure presence, live-bed conditions, as Shield parameter exceeds
the threshold of motion results in overall/general scour when referring to scour around a structure. In the
proximity of the structure, the erosion that forms as a consequence of the flow-structure interaction can
have a single hole, usually truncated cone shape, and literature refers to this phenomena as global scour.
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Fig. 20: Flow - bed - structure interaction for vertical cylinders and vertical cylinders with a change in diameter at
base, inspired from Sumer and Fredsøe (2002), Whitehouse (2004), Petersen (2014)
Additionally, local scour holes can form within the global scour depth. However, some publications use the
term “local scour” for global scour in the case of the slender cylinder and the term of “global scour” for
general/overall scour which can create confusion when dealing with geotechnical calculation. The three types
of scour have different approaches for the geotechnical design of the foundations. Figure 21 sketches the three
types of scour.
The existing methods implying scour estimation of depth and distribution around an MBF structure
consists of several simplifications. An example provides experimental results for large diameter is Rance
(1980), cf. figure 22 when referring to the caisson diameter of the MBF instead of the shaft diameter.
Another example would be to consider the results for jack-up rigs footings from Sweeney et al. (1988).
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Fig. 21: Scour hole definition with respect spatial distribution
Whitehouse (1998) illustrates the shear stress amplification around cylindrical structures from Hjorth
(1975) and Sumer et al. (1992), and in agreement with figure 18 it provides the basic assumption of this
thesis that the MBF has built-in scour protection level.
The impact of the kinematic amplification of the flow due to structural presence reduces for complex
structures with different diameters at the base similar to scour protected MPs. Figure 24 illustrates on the
left the results from experimental results for scour protected monopoles from Petersen (2014). The other two
illustrations from figure 24 show scour development around structures with similar geometry to MBF.
The literature study provides several examples that can enforce the primary research question "Is it
possible to design the scour protection for offshore wind turbine foundations cheaper compared to existing
methods?"
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Fig. 22: Scour development around large diameter structures, adopted illustrations from Rance (1980)
Fig. 23: Bed shear stress amplification around a cylinder, adopted illustrations from (Whitehouse 1998; Sumer et al.
1992; Hjorth 1975)
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Fig. 24: Scour patterns for MP with scour protection, illustration adopted from Petersen (2014), concrete conical
skirted foundation, illustration adopted from Yu et al. (2016), suction caisson with inner girders, illustration adopted
from Whitehouse (2004) and MBF from the present study
• Are some structures adapted to provide cheap scour protection?
• How are these structures configured?
• Is it possible to define new design guidelines for assessing the scour?
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6 Geometry of the Mono Bucket Foundation
The following section provides more of the structural features of the MBF and reiterates some of the previous
information referring to the geometry of the MBF. The geometry of the MBF splits into two regions. The
upper end consists of a shaft coloured with green in figure 25 that transfers the loads from the structure
(either OWT or met masts MetM) above the water level. It can have either several conically tapered and
cylindrical sections or single cone or cylinder section along the shaft height. The shaft is similar to MP, and
the relevant geometrical parameters used in the scour analysis are the diameter, dsh, at the base and the
height of the shaft, hsh.
The second part is the bucket and contains several subparts. The first subpart consists of several load
transfer webs, LTW, elements coloured with yellow in figure 25. The LTW enforces the stiffness transfer
from shaft to the lid to carry the load transfer further on. The geometrical parameters that are relevant for
the scour analysis are the width of the LTW flange, dLTW , the number of LTW, nLTW , the height of the
LTW, hLTW and presence or not of the hole in the LTW web.
The second subpart is the lid coloured with red in figure 25, that seals the top of the bucket. The
lid together with the third subpart, the skirt coloured with blue in figure 25, defines the suction caisson.
The differential pressure that the pump creates inside this compartment ensures soil penetration during
installation. For both subparts, the representative geometrical dimensions for the scour analysis are the
bucket diameter, db, (the diameter of the lid and the diameter of the skirt are approximately the same) and
the skirt height, hsk.
The last subparts are the reinforcements of the lid that ensures the rigidity of the lid plates during
installation, the lid stiffeners coloured with orange in figure 25. The representativity of these elements refers
to the option of being used or not.
Apart from these geometrical parameters, there is another structural parameter related to installation.
This parameter is the stick-up height, hmiss, which represents the misalignment between the lid and the
seabed. During installation, the soil trapped in the caisson raises due to the installation process, proportional
to the volume of the skirt walls and the generated suction. A system of sprinkles reduces this height by
suspending the sediments inside removed by the pump during installation. Additionally, MBF uses clay
chambers to ensure extra differential pressure in soils that contain cohesive materials. However, full alignment
between seabed and lid is challenging to achieve.
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Fig. 25: Geometry of the MBF. The picture to the right is the courtesy of Universal Foundation A/S
.
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7 Experimental Analysis
The experimental analysis extends the interpretation of the results from Stroescu (2013), includes additional
tests and collects the results of the literature studies involving MBF designs. The following section is an
extension of the published papers and of the papers that follows the publication process. Thus, a significant
part of the information presented here are captures of the informations from the papers included in the thesis.
Figure 25 sketches the MBF model scale structures that have similar designs with the current structural
design in prototype scale.
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Fig. 26: Models of MBF used in the experimental analysis, Model 3, and the ones found in Nezhentseva (2013),
Larsen and Frigaard (2005), Model 1 and Model 2
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Table 2 provides the dimensions of the MBF models illustrated in figure 25. The width of the LTW in
the models is the same; however, models 2 and 3 have flanges with diameter given in table 2 while in model 1
the width refers to the thickness of the webs. The diameter of the void in model 3 is an equivalent diameter
given by the void ratio of the LTW. In model 2 the void diameter is the actual circle diameter.
The sand materials in Nezhentseva (2013) and Larsen and Frigaard (2005) have the same mean grain size
d50 = 0.169 mm with a grain density of 2564 kg/m3 while in the present study the mean grain size is d50 =
0.184 mm with a grain density of 2564 [kg/m3]. The threshold value for mobility for Nezhentseva (2013) and
Larsen and Frigaard (2005) it is θcr = 0.0613 while in the present case is θcr =0.0578 using (Soulsby 1997)
method.
In Nezhentseva (2013), the experimental conditions contained only current flow alone with a mean flow
velocity of 0.365 m/s. In the present work and Larsen and Frigaard (2005), the experiments used flow
conditions with water currents, currents and waves and waves alone. The drifting flow ranges for Larsen
and Frigaard (2005) are between 0.08m/s and 0.26m/s. The waves have significant wave heights, Hs, with
[0.13-0.17] m range and the peak periods, Tp, range between 1.6 and 1.7 seconds. The flow direction for water
currents and waves is collinear in Larsen and Frigaard (2005).
In the present work, the Hs ranged between 0.05 m and 0.1m with an average Tp of 1.2 s. The tidal nature
of the water currents used in the experiments generated the wide range of significant wave heights. Due to
flow outlet in front of the wave paddle generator, the waves propagating with the water flow on the same
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Table 2: Environmental properties of the sites and geometry of foundations for the installed MBF.
Name Symbol Nezhentseva
(2013)
Larsen and
Frigaard (2005)
Current
Model
Notation in plots [-] Nezh13 Frig05 Stro16
Models M1/M2 M1 M3
Diameter caisson Db 20. cm 25 cm 20 m
Diameter shaft Dsh 7.5 cm 12 cm 7.5/4.5 cm
Width flange LTW DLT W 1 cm 1 cm 1 cm
LTW height hLT W 6.25 cm 7.2 cm 5 cm
Transfer webs no. NLT W 9 16 12
Seabed alignment hmiss 0.0 cm 0.0 cm 0.0 m
Water depth hw 43 cm 25/50 cm 32 m
Diameter void LTW dv,LT W -/1 cm - cm 3 cm
direction had lower heights. When the flow direction of the water currents switched to reversed direction,
then the waves had higher heights.
The tidal flow velocities in the present work ranged between 0.18 m/s and 0.42 m/s. The water current
flow alone case consisted of one cycle with a total duration of 120 min, in which at every 15 min the velocity
increased and after 60 minutes the flow direction was reversed, and it started in the same manner from live-
bed conditions toward the live-bed regime. The selected time, 15 min, corresponds to half a tidal cycle on
the Froude scale. In the case where the waves and water currents coexisted, the cycle program simulated the
tides. Thus, after 15 minutes the flow was reversed with a similar velocity of the in-flow from co-directional
waves and water currents. After each new cycle started, the velocity of the drifting flow increased as well.
Sumer et al. (2013) suggests to use the skin roughness for the analysis of the frictional velocity aligning
with the previous work of the authors and also to keep the same procedure for roughness calculation. How-
ever, as Zhao et al. (2010) suggests, the impact of the ripples on the frictional velocity changes roughness
significantly. The ripple based roughness is not straightforward, and most authors use the Nikuradse skin
friction roughness as ks = 2.5·d50 as shown in Soulsby (1997). Moreover, since Sumer et al. (2013) and
previous similar work refer to cylindrical structures, MP, it can be argued that the ripple formation might
have a significant impact on complex geometries. Khalfin (2007) shows that ripple presence specifically for
fine grains in the laboratory tests breaks similitude laws with a factor up to 6. In the figures shown in the
experimental section, the critical velocity for a live-bed regime that experienced ripples either reported by
the authors or visible in the pictures from the papers, the frictional roughness has the value of 6 mm as
reported in Soulsby (1997) for rippled bed.
Figure 27 shows the maximum scour development around the MBF structures during the experimental
tests. The MBF exposed to unidirectional flow drift from Nezhentseva (2013) experiences significant global
and local scour in strong velocities around the structure. The scour mode for this situation is dependent
on the large diameter of the bucket and the height of the exposed skirt. The present work shows similar
behaviour on M3 model once the global scour passes 0.5·dsh. The maximum scour is still a component of
local and global scour, with the latter proportion of 90-95% of the total scour.
The velocities in Larsen and Frigaard (2005) are smaller in the case of the drifting flow with no waves.
Moreover, the trend shows a steady development close to equilibrium for the live bed case ( symbol from
figure 27). In the case of unidirectional flow drift (• symbol from figure 27), the flow direction changes only
after the passing of each 15 min of test with the initial three velocities. The scour development shows an
equilibrium in global scour development. When flow velocity increases in the ebb case, to a similar magnitude
to the one from flood direction, the scour development (re)initiates. When the superimposing waves over a
drifting flow, the scour reduces. The scour also reduces as db/dsh increases (see C).
Figure 28 has a logarithmic x-axis and uses a dimensionless parameter in the form of a modified KC
number to account for test duration, velocity and shaft diameter. The change of figure 27 into figure 28
provides a reasonable comparison plot. According to Roulund et al. (2016), the total velocity value composes
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Fig. 27: Experimental results with geometries similar to the current look of the MBF data included from Nezhentseva
(2013), Larsen and Frigaard (2005)
.
methodology and combines the bed orbital velocity with the mean current flow.
Using the new KC number, the experimental results are easier to compare. Moreover, figure 28 shows
several parameters that reduce the scour. The tidal simulation reduces the scour development in agreement
with Hartvig (2011) and Sumer et al. (2013). The • and • symbols overlap because the ebb flow starts
from a lower magnitude and increases to a value similar to the maximum ebb velocity. The scour magnitude
increases from the one that the maximum flood velocity generated in combination with the lowest ebb flow
velocity because the scour depends on the exposed skirt, diameter and height. As the flow increases in
intensity, the magnitude of the scour remains in a dynamic equilibrium.
In the combination wave-currents where flood-ebb alternates one after each other, the scour development
shows that there are some ranges in low to medium currents where the MBF gives a good performance
regarding scour development. Thus the presence of the waves is the second element that reduces the scour.
The other geometrical parameter that has an impact on the scour reduction is the height of the LTW to the
bucket diameter ratio. The db/dsh and hLTW /db are also identified as key geometrical parameters in the
work of Petersen (2014) related to edge scour. The correspondence between the limited height of the large
blocking diameter of the MBF is the scour protection berm.
Figure 29 illustrates the impact of the sediments concerning the flow intensity for the scour development
around the MBF. The frictional velocities estimation uses Roulund et al. (2016) and Tavouktsoglou et al.
(2017) methodology. The scour developed around the MBF has a small magnitude in combined currents and
waves for both the author’s work and the results of Larsen and Frigaard (2005) for threshold values below
1.5-2.
The experiments carried by the author pursued the combination of tidal currents under storm conditions.
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(2013), Larsen and Frigaard (2005)
.
The purpose was to observe the sensitivity to scour when the flow increases after each cycle. The behaviour
shows positive results which point to the fact that the MBF can be deployed without scour protection or
with a scour protection solution that involves smaller costs. The latter observation follows the conclusions
from Simoons (2012) and Petersen (2014) regarding scour protected monopiles and agrees with the scour
protection results from Larsen and Frigaard (2005).
The results from Nezhentseva (2013) show that the scour development reaches a specific equilibrium
pattern. The MBF performance in strong currents suggests the need for scour protection.
The significant differences, 1.2-1.4·dsh in the scour development results between Nezhentseva (2013), the
present work, and Larsen and Frigaard (2005) generated by the ripples, and the high turbidity generated
using flow circulation at the outlet of the drifting currents. In the second campaign of experiments that the
author conducted, the turbulences were reduced by the use of diffusion boxes which made the flow less turbid
and affected the high-frequency waves in the JONSWAP spectrum.
Another element that can change the maximum scour development is the test duration. The results in
Nezhentseva (2013) show a convergence toward dynamic scour equilibrium while in the present work, this
is not visible. The fact that the results seem not to converge means that the difference in the results could
decrease in the magnitude if the author continued with a test for equilibrium situation. The maximum velocity
from the current work and the one used in Nezhentseva (2013) are in close range. However, the purpose was
to check the sensibility of MBF against scour under storm conditions with different flow velocities and to
cover as many aspects as possible. Thus, there is no equilibrium in scour test for either unidirectional or
tidal flows for the MBF. When comparing to field results, table 5 and figure 47, the scour behaviour shows
good agreement with the results of the author’s works.
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Fig. 29: Experimental results with geometries similar to the current look of the MBF data included from Nezhentseva
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8 Field Analysis
The novelty of the research work from the present thesis consists of the field data collected in regards to the
scour development around offshore installed MBF. Three offshore installed MBFs were supporting met mast
collected meteorological data in the North Sea for three sites. During designed lifetime several bathymetric
surveys revealed the scour and backfill development around the MBF. The first offshore installation was on
the Danish side of the North Sea at the Horns Rev II (HRII) site in March 2009 (Universal Foundation
2013b). The second and third MBFs deployment took place in 2013 in the North Sea close to UK east shore
in the Dogger Bank site (Universal Foundation 2013a). The east located (DBE) MBF deployed in early 2013
had in advance seven months compared to the west (DBW) MBF installed in September 2013. The following
section is an extension of the published papers and of the papers that follow the publication process. Thus, a
significant part of the information presented here are captures of the informations from the papers included
in the thesis.
The successful reversion of the installation procedure by increasing pressure inside the caisson lead to
successful decommission of all three foundations. First, HRII dismantle took place in July 2015 (Univer-
sal Foundation 2015) followed by the two BDE and DBW decommissions in September 2017 (Universal
Foundation 2017).
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The geometry of the three buckets differs between HRII and the two DBE and DBW foundations. Figure
30 shows the two geometries. The main differences between HRII, DBE and DBW, consist in the presence
of the voids in the webs of the LTW the multi-shell shape skirt, the stiffeners on the lid and the anodes used
for corrosion protection of the shaft and LTW for the latter two.
Table 3 provides the dimensions of the three MBF. The width of the LTW refers to the steel plate that
stays on the top of the LTW.
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Table 3: Environmental properties of the sites and geometry of foundations for the installed MBF.
Name Symbol DBE DBW HRII
Diameter caisson Db 15 m 15 m 12 m
Diameter shaft Dsh 4 m 4 m 4.5 m
Skirt length Lsk 7.5 m 7.5 m 6 m
Width flange LTW DLT W 0.65 m 0.65 m 0.4 m
Shaft height hsh 17 m 19.5 21.7 m
LTW height hLT W 3 m 3 m 2.7m
Transfer webs no. NLT W 9 9 12
Seabed alignment hmiss 0.3 m 0.3 m 0.6 m
Installation time Tinst. 02/2013 09/2013 03/2009
Decommission time Tdecom. 09/2017 09/2017 07/2015
The design environmental conditions are medium aggressive for all three sites. The sites are considered to
be wave predominate with tidal current speeds of up to 1-1.5m/s. Table 1 illustrates the design environmental
conditions both for flow and sediments. During serviceability lifetime of all three foundations, several severe
storms hit the structures Gres et al. (2016) and [source Wikipedia Link 1, see section 1.1] present the storms
from 2013. Mainly, Gres et al. (2016) present result from the monitoring system deployed with DBW.
Table 4: Environmental properties of the sites and geometry of foundations for the installed MBF.
Name Symbol DBE DBW HRII
Mean grain diam. d50 0.13 mm 0.13 mm 0.4 mm
Soil density ρs 2730 kg/m3 2730 kg/m3 2600 kg/m3
Soil layer [-] sand 1·Lsk sand 0.27·Lsk
clay 0.73·Lsk
sand 1·Lsk
Water depth LAT hLAT 25 m 23 m 20 m
Water density ρw 1030 kg/m3 1030 kg/m3 1030 kg/m3
Wave height Hs,1y 6 m 6 m 4 m
Wave period THs,1y 9.9 s 9.9 s 8.1 s
Wave height Hs,10y 9.1 m 9.8 m 8.1 m
Wave period THs,10y 16 s 15 s 12 s
Flow velocity Uy,mean 0.2 m/s 0.3 m/s -
Flow velocity U1y 0.88 m/s 0.91 m/s -
Flow velocity U10y 1.00 m/s 1.00 m/s -
Flow velocity U100y 1.08 m/s 1.12 m/s -
Install. Flow vel. Uc,ins 0.5 m/s 0.5 m/s 1.5 m/s (up to
2m/s)
Threshold of motion field data
Shield param. θcr 0.074 0.074 0.036
Bed Shear stress τcr 0.161 N/mm2 0.161 N/mm2 0.224 N/mm2
The transport of HRII-MBF consisted of being towed to the site then the structure was lifted into
upright position by a crane vessel. Suction installation began after the MBF was brought into vertical
position and lowered to the seabed. The deployment of the DBE and DBW- MBFs started from the bridge
of the installation vessel. The installation time varied between 8h (HRII), 7.5h (DBW) and 6h (DBE).
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The HRII had a lengthy installation time and experienced an intense tide current. The combination of
large exposed skirt wall diameter and the high flow velocity gave the largest observed scour depth around
an MBF of ≈2 m. Figure 31 illustrates the survey made by a diver who checked the foundation after HRII
installation. The maximum scour depth occurred between 5 o’clock and 6 o’clock positions. The MBF
deployment was on the top of a dune crest which results in an initial misalignment with seabed of 0.6m.
 
3 o’clock 5 o’clock 6 o’clock (NW) 9 o’clock 12 o’clock
Fig. 31: Scour development around MBF at HRII after installation, the photos are courtesy of Universal Foundation
A/S
A Remote Operated Vehicle (ROV) video recorded the installation of the two foundations from Dogger
Bank site. The recording revealed some interesting phenomena occurring during installation.
Timewise the installation on DBE was longer compared to DBW (cf. figure 36). The scour development
recordings show a deeper hole on DBE (cf. figure 36). The flow intensity was similar for both installations
≈ 0.5m/s. However, the intensity varied during installation time. Thus, the scour depths during installation
are different.
The DBE installation has the peak in scour development after 3.5h. It seems that there is an (intuitive)
synchronisation with the tide phase. The flow increases in intensity during installation and so the peak in
scouring corresponds to the peak in the tide phase. The correlation was made based on the ROV recordings
which showed either a higher intensity in the suspended particle displacement or more calm displacement or
even no displacement with clean water.
Figure 32 shows the scour developments at a different location (cf. figure 36) during the time extension
of the installation. The flow velocity reduces in the last part of the installation and results in a reduction of
scour due to sediment settlement.
Most of the scour holes occurred in areas corresponding to the LTW. At this geometrical position as
figure 25 shows, the multi-shell has a smaller diameter. The LTW continues with a beam at the section of
the skirt. The flow velocity had an increase in intensity while more of the skirt advanced under seabed level.
After the flow became less intense and the misalignment with the seabed, hmiss reduced to less than 1.5m,
then the backfill occurred as more particles settled in the scour holes.
DBE shows a pick during haft time of the installation process, which resembles DBW development. The
increase in the DBW - west direction toward the end confirms the flow increased velocity after less than 1/3
of stick-up skirt exposed to flow increasing velocity.
Fig. 32: Scour development around MBF at DBE after installation, the photos are courtesy of Universal Foundation
A/S
Figure 32 shows scour developments at a different location during the time extension of the installation.
The flow velocity reduces in the last part of the installation and results in a reduction of scour due to sediment
settlement.
In the DBW case, as previously mentioned, there were two installation attempts. The second one was
successful, and figure 36 shows the installation recordings for scour development around DBW foundation. As
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illustrated in figure 36 the ROV covered fewer points in DBW installation case with only three measurement
lines available.
Fig. 33: Scour development around MBF at DBE after installation, the photos are courtesy of Universal Foundation
A/S
Figure 33 shows the scour development at the beginning of the installation (first two from the left) and
the end of installation (first from right) for two different locations. Unlike DBE, in the DBW case during
touch down and positioning of the foundation, the water flow had strong intensities which generated scour
depths in a shorter time. Moreover, the displacements of the MBF before touchdown and initiation of passive
installation disturbed the seabed for 15-30 cm height and 30-60 width around the skirt. The kinematics of
the ware flow and MBF positioning suspended or moved sediments that lead to an increase of scour after
installation completed. The flow lost from intensity during installation and regained power close to the end
of the installation. The water flow - scour correlation corresponds to the trough of tide phase, decreasing
from the peak and then increasing slightly afterwards.
Fig. 34: Scour development around MBF at DBW during installation (left) and during retrieval after unsuccessfully
installation attempt, the photos are courtesy of Universal Foundation A/S
In the first installation attempt at DBW, the presence of boulders that were not foreseen by the geotech-
nical reports prevents completion of the installation. After penetrating almost 6 m under the seabed, the
installation stopped. The reversed process for installation lifted the MBF to only 3-4m installed skirt into
the seabed. At this point, the images showed that the generated scour was much more substantial, between
0.5 m to 1.5 m.
In the morning, the MBF retrieved to the installation vessel deck. Before bringing the foundation on
the vessel deck, the scour depth and extension increased significantly up 4 m [Personal communication, S.
Nielsen] which led to a visible tilt of the foundation. Figure 34 – left shows the scour depth generated
when the installation stopped, and figure 34-right shows how the scour extension and depth increased before
retrieving the MBF on the installation vessel.
During the first attempt at DBW, an interesting phenomenon occurred. While trying to push through
the boulder that blocked the advance of the skirt, the ROV recorded a pre-pipping channel formation. The
differential pressure oscillated between suction and pressure which generated few boiling sand area next to
the skirt. The low-intensity flow velocity moved the suspended particles by the boiling sand and generated a
steep hole. As the sand moved to a stable position, the scour hole extension increased, and the hole reduced
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Fig. 35: Scour development around MBF at DBW during - pre-pipping channel,liquefaction of sediments and scour-
ing, the photos are courtesy of Universal Foundation A/S
in depth. Figure 35 illustrates these stages. Particularly, after the boiling stopped, most of the suspended
sediments drifted with the flow, and the hole became visible while the sand reconfigured into the stable slope.
d
 
d
Fig. 36: Results of the scour development during MBF installation for DBE(left) and DBW(right), adopted from
paper C
In regards to the behaviour of the large diameter skirt exposed to flow, figure 36 shows a good agreement
with work of Rance (1980) illustrated in figure 22. With the maximum S/db equal to 0.055 for MBF - DBE
case and 0.02-0.07·db for large diameter structures.
The serviceability lifetime for the three foundations are different, four years for DBW, 4.6 years for
DBE and 6.3 for HRII. The six to seven months difference between BDE and DBW, which derived due to a
failed installation attempt that required for MBF from DBW to be retrieved onshore for reparation and then
reinstalled. After the successful deployment of DBW foundation, the installation team performed on both
MBF foundations a survey which revealed the scour development with the help of an ROV. The campaign
showed that the MBF experienced a global scour less than 20 cm and backfilled all local pits.
In case of DBW, the bathymetric survey revealed several situations. First, the scour depth around
the MBF increased to a global scour of 0.5 m and maximum local scour pit of ≈ 0.75 m. Secondly, the
footprints from the jack-up legs of the installation vessel were still visible and so as the footprints from the
first installation attempt. Moreover, as seen in figure 37 in a green ellipse, the footprint of the MBF was also
visible. This information showed a small general sediment drift in the first year of service (mostly clear-water
scour). In the later bathymetric survey from 2017, cf.figure 38, the scour profile changed side, despite the
low quality of the figures. Regarding the equilibrium scour depth, the global scour was in the same range of
≈ 0.5 m and the local scour increased to ≈ 1.0 m - 1.25 m.
Another element is the trench between the scour hole around the MBF and the two footprints of the
jack-up legs of the vessel. The North-South alignment agrees with the main direction of both current and
waves. Whereas for the footprints from the initial installation attempt oblique to the scour hole around the
installed MBF did not connect. Thus, the primary scour driver should be the exposed skirt walls and the
flanges of the LTW. The shaft impact is equally or less significant in the scour development (of secondary
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Fig. 37: Bathymetric survey around MBF at DBW after 1.1 years in service, Sglobal/dsh = 0.13 and Slocal/dsh =
0.19, the photos are courtesy of Universal Foundation A/S, adopted and modified from paper ??
implications). Figure 38 shows that the local scour transferred on the right-hand side of the MBF, which
agrees with the primary and secondary structural elements that induce scour. The footprint of the two
positions of the installation vessel filled and the visibility reduced and levelled significantly compared to the
first bathymetric survey. The change in the seabed shows that general scour occurred for the location. Given
the presence of clay berms after the vessel retrieved the jack-up legs, it follows that the flow intensity was
quite intense.
The seabed condition at DBW consists of a layer of 1.5-3 m of sand followed by a clay layer for the of 15
- 20 m. The impermeable layer under the sand layer can be a reason for the larger scour depth in the case
of DBW. The pore pressure as the layer of sand can liquify and suspend the sediments is more accessible as
if the impermeable layer did not exist.
In the case of DBE, the slope of the scour is less steep. Hence, the broad spread of the scour depth. The
equilibrium scour depth was also around 0.5 m with the maximum scour depth ≈ 0.75 m.
Unlike DBW case, the footprints of the jack-up vessel’s legs are not visible which shows, more substantial
mobility of the seabed.
The latest bathymetric survey, figure 40, before decommissioning shows that the symmetric shape from
figure 39 changed into a more unsymmetrical shape similar to the one from DBW. Moreover, figure 40 shows
the global equilibrium scour depth stays in the range of 0.5 m. The maximum local scour depth gets closer
to 1.25 m. It is worth saying that when referring to local scour depths; the values include the global scour
depth too, therefore is the total pit depth.
In the case of HRII, the scour development around the MBF measured at two months after deployment
revealed a reduction in scour of 0.9 - 1.0 m. The graph in figure 41 shows the report results from the diving
inspection of the foundation. In the bathymetric survey after 4.5 year of service, see figure 42, the scour
depth reduced significantly from the initial recorded scour depth to ≈ 0.6 m.
The MBF installed on top of a dune generated a specific scour trail. The site has a strong wave regime
which can explain the path. The overall scour pattern has similarities to Rance (1980) for large diameters
without the trail.
The backfill process is rather significant in the case of the MBF, as the bathymetric and scour survey
revealed. The scour-backfill processes around the MBF show similarities with large diameter MPS, MPs
40
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Fig. 38: Bathymetric survey around MBF at DBW after 3.9 years in service, Sglobal/dsh = 0.13 and Slocal/dsh =
0.31, the photos are courtesy of Universal Foundation A/S
but also SPMPs. The bathymetric and scour surveys show instances in time for scour development. To see
what was the maximum scour on all three foundations, during decommission several photos revealed the
erosion level. The analysis relied on the marks left on the skirt. Both corrosion and marine growth show the
maximum scour depths.
Figures 43, 44 and 45 contain three marker lines. The distance from the lid to the blue line indicates the
stick-up height by the marine growth, and from the blue line to the green one, it indicates the equilibrium
scour, the skirt was exposed for sufficient time for erosion to form and light marine growth to form. Finally,
the orange limit shows the maximum scour.
The scour depth around the MBF varies along the skirt for all three foundations. In the case of DBE
and HRII locations, figures 43 and 45 have fewer variations, except the initial scour depth of 2 m from HRII.
The spots on the skirt show that the local scour depths alternated while the equilibrium scour depth was
at 0.5 m. As a conservative practice given the various factors (f.g. the angle of the photos, the visibility of
the corrosion/marine growth and extrapolation of the measurements) the equilibrium values from table 5 are
conservatively estimated. The same principle was considered for the maximum scour depth, but in the case
of the local scour it was easier to observe the peak scour depths.
The scour pattern for DBW location shows deeper scour pits. The global scour depth was substantial in
the area E-N and E-S concerning the markers of the MBF. Though the original stick-up for HRII was around
≈0.6 m and for DBE and DBW ≈ 0.3 m, it is worth mentioning the stick-up height can be increased to ≈
0.4 m due to the MBF movement before touchdown. The increase of the stick-up height seems reasonable
as the marine growth shows that for the latter foundations agree well. With these two stick-up heights, the
marine growth that showed the permanent scour depth was in the range of 0.3-0.4 m.
Figure 46 shows a summary of the scour development from the lid downwards. The plot is not in scale,
but it collects the proportional scour development with the observations from the figures. The exposed skirt
lengths in figure 46 were the height due to seabed misalignment and the scour depths. The dark brown colour
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Fig. 39: Bathymetric survey around MBF at DBE after 1.6 years in service, Sglobal/dsh = 0.13 and Slocal/dsh =
0.19, the photos are courtesy of Universal Foundation A/S, adopted and modified from paper ??
shows the considered stick-up height, which had the thickest marine growth. The lighter brown illustrates
marine growth that had a similar thickness which means that exposure was similar to the permanently
exposed skirt. The area with the lighter refers to permanent (global) scour (in equilibrium) that experiences
insignificant backfill.
The orange-brown or the mean exposed skirt had a thin white foam-calcifications. The cover shows a low
period exposed to scour in the order of weeks. There was no marine growth. Several shells were attached
to this area and got covered/exposed during the lifetime of the structure. The dark-grey area refers to the
short period when the exposed skirt had only a bit of time exposed to the oxygen and water and to generate
corrosion of the steel. Moreover, this area had several shells that got fixed to the surface of the skirt as they
collected in the scour pits and the sand covered the holes. Figure 45 illustrates such an example where the
shells stuck to the skirt and got covered by the sediments.
Table 5 shows the summary of the scour depths considered for the three sites HRII, DBE and DBW
concerning equilibrium and maximum pits.
The lateral extension of the scour depth varies between 0.5·db to 3.5·db for HRII and between 0.5·db to
2·db for DBE and DBW. The local scour depths had horizontal extensions in the range of 0.5 to 1·dsh.
Table 5: Equilibrium and maximum scour depths for HRII, DBE and DBW
Name Symbol DBE DBW HRII
Equilibrium scour (foto) Seq 0.8 m (0.20·dsh) 1-1.4 m (0.35·dsh) 0.9 m (0.20·dsh)
Equilibrium scour (surveys) Seq 0.5 m (0.13·dsh) 0.5 m (0.13·dsh) 0.4 m (0.09·dsh)
Maximum scour Smax 1.5 m (0.38·dsh) 1.9 m (0.48·dsh) 2.0 m (0.44·dsh)
Besides the data presented in the current research work, no other field results are available for the MBF.
In order to illustrate the results of the field measurements of the MBF concerning existing field measurements,
the analysis plots contain results from MP and MPsp recordings.
Whitehouse et al. (2011),Simoons (2012) and the PhD thesis of Petersen (2014) show several field
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Fig. 40: Bathymetric survey around MBF at DBE after 4.3 years in service, Sglobal/dsh = 0.13 and Sgloballocal/dsh
= 0.31, the photos are courtesy of Universal Foundation A/S
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Fig. 41: Diver scour survey around MBF at HRII after 2 months (0.17 years) in service, Sglobal/dsh = 0.05 and
Slocal/dsh = 0.2, the photos are courtesy of Universal Foundation A/S, presented in the paper A
measurements for MP and MPsp and provide a description of the site conditions. Thus the further analysis
shows the results of all three situations of MBF, MP and MPsp.
Figure 47 show the maximum scour development in regards to the timescale for MP from the OWP
N7, (Whitehouse et al. 2011), for MPsp from the OWP Egmond aan Zee (EaZ), (Simoons 2012) and the
MBFs from HRII, DBE and DBW. The MP diameter in the N7 case is 6m while for the MPsp and MBF the
diameters are between 4 m and 4.5 m. The bathymetric survey for MBF shows that the maximum scours
depths are below MP and MPsp results. However, the peak scour depths for the MBFs plotted as vertical
lines in figure 47 show proportions with the three MPsp from EaZ.
As the maximum scour developments around the MBFs observed after decommision are more significant
than the bathymetric survey results, figure48 shows the scatter plot of OWP EaZ and Scroby Sands OWP
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Fig. 42: Bathymetric survey around MBF at HRII after 4.5 years in service, Slocal/dsh = 0.07 and Sglobal/dsh =
0.13, the photos are courtesy of Universal Foundation A/S, adopted and modified from paper ??
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Fig. 43: Pictures after decommissioning the MBF from DBE, ≈ 4.6 years, the photos are courtesy of Universal
Foundation A/S
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Fig. 44: Pictures after decommissioning the MBF from DBW, ≈ 4.0 years, table 5 shows scour summary, the photos
are courtesy of Universal Foundation A/S
(SS) to enlarge the image from figure 47. The OWP SS is known for the very aggressive environment with
strong tidal currents, and so it shows the broad spread of scour depths around the MPsp. The OWP EaZ
is medium aggressive, and the standard variation of the measurements for the MPsp is smaller than in the
case of OWP SS. In regards to MBF, the maximum scour depth aligns with the average scour depth at the
OWP EaZ.
The protection factor diameter of the scour protection to pile diameter, is PF= 4 (for armour layer) to
5 (for filter material) for MPsp from OWP EaZ and 2.7 (HRII) and 3.8 (DBE and DBW) for the MBF. The
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Fig. 45: Pictures after decommissioning the MBF from HRII, ≈ 6.3 years, table 5 shows scour summary, the photos
are courtesy of Universal Foundation A/S, presented in the published papers
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Fig. 46: Summary of the scour development from figures 43 to 45, table 5 shows scour summary from all three
foundations
scour protection extension of the OWP EaZ remains unknown to the author knows.
Figures 49 and 50 show the maximum scour development around MP, MPsp and MBF in regards to
the water depth to diameter factor. Most of the literature reports about field measurement of scour depths
around OWP foundations provide maximum scour, water depths and pile diameters. The results are split
between MP and MP and MBF to keep a clear view of the results without overwriting of the points. The
target depths for MBF stay between 20 m and 50 m, both figures 49 and 50 show that most of the points
are below hw/dp =5. Figure 50 shows that the scour development around MBF are closer to MPsp.
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Fig. 47: Timescale of scour development around MBF, MP and MPsp, (Whitehouse et al. 2011; Simoons 2012)
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Fig. 48: Timescale of scour development around MBF, MP and MPsp, data from (Whitehouse et al. 2011; Petersen
2014; Simoons 2012)
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Fig. 50: Maximum scour around MBF and MPsp with respect to water to diameter depth ratio, data from (White-
house et al. 2011; Petersen 2014; Simoons 2012)
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9 Guidelines
Figure 51 shows the workflow for the proposed updated guideline for scour protection assessment. Each of
the boxes in figure 51 are reviewed and update throughout the present work and it is summarised in this
section. Though, the workflow is either intuitive or in the procedures of some companies regarding design
the updated guideline consist of the updates in each box for the MBF.
Undisturbed bed ow 
assessment
Structure-Flow parameters 
assessment
Checking the built-in  
scour protection features
Consider deployment
without scour protection
Consider deployment
with scour protection
Checking the eld
experience for the 
engineering judgement factor
Assessment level
Design Solution
Estimate Scour Protection cost 
vs. Additional Steel cost
 (including installation limitations)
Design level
Update structural 
geometry
Fig. 51: Workflow for assessment deployment with or without scour protection for MBF
.
To assess the undisturbed conditions one can use the recommendations from paper H following the
workflow from Roulund et al. (2016). For the bed shear stress estimation generated by the tide velocity
instead of the hydraulic rough flow formulation from Roulund et al. (2016) one could use either Soulsby
(1997) formulation (seeWhitehouse (1998) Appendix A for an applied summary) or Sumer and Fredsøe
(2002) formulation. However, to be able to compare in general the marine conditions Roulund et al. (2016)
formulation should carry along the two well-known methods. In regards to waves, Roulund et al. (2016) is
well fitted and incorporate both Soulsby (1997) and Sumer and Fredsøe (2002) methods.
The interaction parameters between flow and structure, f.e. Re, KC, Eu and Fr, described in paper H
following the work from Tavouktsoglou et al. (2017), Roulund et al. (2016), paper E and C can be derived
in agreement with the previous assessed undisturbed flow parameters. For Eu the velocity profile contains
the combination between the water flow velocity and the wave induced velocity at the maximum horizontal
phase generated by Hs and Tz. Since the original scour estimation formula from Tavouktsoglou et al. (2017)
rests on unidirectional flow with no waves, the updates provided by paper H could be followed.
The scour depth assessment can proceed either using the methodology described in paper H regarding
Tavouktsoglou et al. (2017) work or E scour estimation formulas. For the approach using truncation reduction
regarding water, depth is easier to estimate the potential scour depth based on the surface piercing cylinder
(equal to the diameter of the bucket) and reduce the scour potential using the updated DHI/Snamprogetti
formulation according to E. However, the recommendation is to use the formulation from paper H.
In work presented by Raaijmarkers and Rudolph (2008) to which Simoons (2012) checked it for scour
protected monopiles, Raaijmarkers and Rudolph (2008) provides a methodology for evaluation of the scour
depth variation with time and flow intensity. The method can provide the time scale development for scour.
The expected equilibrium global scour depth for comparable marine environments to HRII, DB(E&W) or
EaZ will be within 3 to 5 years.
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The built-in features identified in the present work and recommended for the updated guidelines are:
• for 2< PF = db/dsh <2.5, the PF should be considered with care and consider a safety factor of 1.3-1.5
to the characteristic estimated S/db.
• for PF = db/dsh ≥2.5, the PF is large enough to reduce the safety factor 1.1-1.25 to the characteristic
estimated S/db.
• the PF should be considered in the calculation of the effective protection area around the shaft.
• for hmiss ≤0.5, the berm height is small enough to create a reduced horseshoe vortex complex.
• for hmiss >0.5, the berm height is generating an increasing horseshoe vortex complex proportional to
the hmiss/db found for large or slender MP.
• if dLTW , nLTW and hLTW increase in dimensions then the behaviour of the MBF will get closer to the
CGS with conical transition between db anddsh studied by Tavouktsoglou et al. (2017), F, Stroescu
et al. (2016) and Stroescu and Frigaard (2016). The void ratio between the surface area of a full cone
and the surface area of the dLTW and nLTW should be lower than 0.5. Moreover, if the hLTW increases
in an angle larger than 45o then the height the end of the lid should be considered in the hmiss value
for surface void ratio larger than 0.3.
• if possible in the structural design the lid should extend close to the LTW in an arch manner with the
radius between 0.5-2·dLTW . In case the lid diameter is extended circularly around the skirt diameter
with more than 0.5·dLTW the LTW induced scour reduces significantly.
• to minimise the initial scour generated by the skirt diameter during installation it is recommended to
synchronize the installation with lower phases of the tidal flow.
At the end of the assessment process for the scour development around MBFs a filter based on engineering
judgement should be applied, concerning the existing field data to make sure that the results are not too
conservative. As a rule of thumb the global scour depth ranges between 0.1dsh and 0.4dsh for 3< PF =
db/dsh <4.
An estimation of the scour protection costs vs the steel costs to accommodate for the safety factors
that applied to the determined characteristic scour depth should be done roughly. For the scour protection
estimations recommendations from Petersen (2014) or den Boon et al. (2004).
In case geometry needs to be updated for the relevant parameters described above then a new iteration
should start to accommodate the change in the structure-flow parameters.
For the design solution that considers deployment with scour protection then the design of the scour
protection should account for refill option. If PF>2 there is sufficient safety deploy the scour protection
post-installation at a planned time. In the case of post-installed scour protection a single layer multi-graded
material could be used. For alternative scour protection methods a more vigorous check should be made in
agreement with the certification companies.
If the design process integrates experimental tests, then the recommendations from paper E, paper H,
(Khalfin 2007) and (Sheppard, Odeh, and Glasser 2004) should be considered in addition to the commune
practices described by (Sumer and Fredsøe 2002) or (Whitehouse 1998).
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10 Findings
The deployment of the MBF without scour protection provided valuable insight into the scour development in
the marine environment. The behaviour of each foundation has similarities and differences compared to each
other. The general behaviour is similar to scour protected monopiles. Based on this information, the most
important fact is that the Mono Bucket foundation deployment is possible in marine environments without
scour protection where in most cases the monopiles require the scour protection. The deployment should
follow the observation method unless the initial design requires mitigation solutions. The observation method
approach ensures contingency action in case individual foundations require artificial refill due to reduced
backfill. Though one could argue the cost is increasing for unscheduled and vessel availability, the observation
method can integrate these aspects, and the maintenance cost could cover the period work thus reducing the
initial investment costs. In the same idea, post-installation scour protection could make improvements to the
cost-efficiency curve. The amount of scour protection material decreases, the hydrodynamic impact reduces
with the berm heigh below general seabed level and a vessel could cover more foundations as the protection
material is close to the structure.
The walls of the bucket are rigid so the failure modes for the scour protection features are different from
the traditional flexible scour protection methods. One solution is to extend the rigid lid diameter leaving the
skirt diameter unchanged. The collar maximises the impact of the LTW to perturb the flow to reduce the
lee-wave and horseshoe vortices, and it reduces the local scour at the LTW end. Such solution can contain
sensors to signalise the undermine erosion of the second skirt to extend the protection. The collar is free of
structural and bearing obligations.
The built-in scour protection of the MBF reduces the possible costs for scour protection as the additional
protective diameter reduces.
During the experimental analysis, the combination of waves and tidal currents which simulates the marine
environmental conditions shows good agreement with field results. The experiments are not reflecting scaled
parameters from the field conditions specific to the three offshore-installed MBF. The Froude scaling of flow
velocities should be carefully selected and since the sediment size in laboratory conditions is similar to the ones
in the field, a good method of scaling the bed shear stress is using the Shield parameter, θmodel/θcr,model =
θprototype/θcr,prototype.
Further studies
One of the biggest challenges in experimental analysis refers to similitude law agreement between model
and prototype conditions. In the latter part of the PhD, the author found that one of the reasons for
variations in scour results could result from the small grain size sediments used in the laboratory tests.
The author proposes that the scaling of experimental bed shear stress should follow the mobility ratio.
However, as a result of the literature review, a sediment granulometry with d50=0.8-1 mm would be more
appropriate for modelling the fine grain from field situations, as suggested directly by Khalfin (2007) and
indirectly, interpreted by the author, from Raudkivi and Ettema (1983), Ettema et al. (2006). This approach
limits the ripple formation which the author observed to have an impact on complex geometries containing
truncations/complex geometrical shapes regarding the water depth close to the seabed.
The field conditions can provide comparison cases for numerical estimations of scour around MBF. The
process initiated in the last part of the PhD program did not progress sufficiently to make the subject of
an article. However, the numerical simulation in Star CCM+ provided a good insight into the bed shear
stress and the hydrodynamic performance of the structure to help to understand different structural elements.
Thus, an extension of the study in CFD, SPH or other numerical approaches could speed up the optimisation
process and help the design process.
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1.2 Appendix b: Divide et Impera Matlab Code
The following piece of Matlab code can solve linear and non-linear equation in a fast manner using the well
know solving algorithm of "Divide et Impera" which searches for a solution at the middle of a known range
of solutions. It it very handy for the dispersion equation of linear wave theory.
function [M_Bound]=DIVetIMP(L_Bound,H_Bound,EQ,Epsi) 
%% Numerical Solver for Equations using Divide et Impera Algorithm 
% Ionut Emanuel Stroescu 29-06-2015 
% Compatible with all MATLAB scripts 
%% Inputs 
% L_Bound   - Lower Boundary 
% H_Bound   - High Boundary 
% EQ        - Equation @(x) 
% Epsi      - Numerical Error 
%% Test values 
% Epsi      = 1e-8; 
% L_Bound   = 0; 
% H_Bound   = 20; 
% EQ        = @(x) x-3; 
%%                              Program 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Middle x value 
M_Bound   = (L_Bound+H_Bound)/2; 
% y Eqs values 
EQM = EQ(M_Bound); 
EQL = EQ(L_Bound); 
EQH = EQ(H_Bound); 
% Program variables 
err   = 1; 
jj    = 0; 
% Solver 
while all([err > 0, jj<1000])         % calculation of k 
    switch EQL*EQH < 0 
        case 1 
            switch EQL*EQM < 0 
                case 1 
                    H_Bound  = M_Bound; 
                    EQH      = EQM; 
                case 0 
                    L_Bound = M_Bound; 
                    EQL =  EQM; 
            end 
        case 0 
            h_dialog1 = warndlg('Try different Boundaries','No solution was 
found'); 
            return 
    end 
    M_Bound = (L_Bound+H_Bound)/2; 
    EQM = EQ(M_Bound); 
    jj=jj+1; 
    err = abs(L_Bound-H_Bound)-Epsi *(abs(L_Bound)+abs(H_Bound)); 
end 
if all([jj == 1000,err > 0]) 
    h_dialog2 = warndlg('Too many steps required; Try different inputs','No 
solution was found'); 
    return 
end 
  
end 
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1.3 Appendix c: Dimensional analysis - obtaining the dimensionless factors
The following example shows how to solve the dimensionless analysis regarding the grouping of dimensional
parameters into dimensionless parameters. It is one of the easiest ways of finding the dimensionless factors
After identifying the relevant variables (P) from an experiment and writing down the afferent units the next
step is to set the base physical quantities (d=f(L,T,M)) from the units.
After having these elements in place, use table 6 to find the dimensionless terms. After filling up the first line
with parameters and units a pivot variable concerning the first physical quantity is selected, P3 with blue in
table 6 then the afferent physical quantity is normalized, L in table 6. The procedure is repeated for all the
physical quantities. On the last line respecting the principle of Buckingham Pi theorem for example in table
6 the total number of dimensionless factors is P-d=4.
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Table 6: Generate the dimensionless factors
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ABSTRACT 
The design without scour protection is a sensitive topic to most 
offshore developers, especially in the North Sea. However, newer 
research show that this concept is realistic if exists extended 
comprehension of the scour and backfill phenomena. The present paper 
shows comparative results for monopile and Bucket Foundation; using 
experimental analysis and real scour surveys around offshore installed 
Bucket Foundations. The main finding reflect that Bucket Foundation is 
a candidate for design without scour protection behaving like scour 
protected monopoles, in a variety of environmental conditions. 
KEY WORDS:  Mono Bucket, Scour&Backfill, Site Investigation, 
Experiment 
INTRODUCTION 
Is it possible to reduce the costs of offshore foundation for one wind 
turbines with 0.1 million €? The question to reduce prices for offshore 
wind energy at competitive level with conventional energy sources, 
with lower costs for fabrication and installation is pointed as first bullet 
point on each future or on-going offshore wind park. Lower costs are 
ensured through technological progress and innovative solutions on 
wind turbine manufactures or transformer station and also on 
foundations. The costs of offshore foundations for wind turbines are 
identified around 30% of the total cost of offshore wind farm (Bakmar, 
C. LeB., 2009).  Moreover, 6-10% of the costs of the wind farms are 
represented by investment to protection against erosion of seabed 
around the classical monopile foundation, which represents 0.08 to 0.15 
million € for one foundation (DHI, 2012). 
The paper in hand refers to the research around the behaviour of Bucket 
Foundation (BF) to scour and backfill actions. The analysis is carried 
using experimental approach and related to prototype scale surveys 
results. The innovative features of the BF as well as the scour and 
backfill concepts are explained in the following subsection; the 
Introduction is followed by the section Analysis Setup in which the 
experimental program and the real prototype survey conditions are 
described. Thirdly, Results section is used to illustrate the findings from 
the study that are presented in this paper. The paper is closed with the 
interpretation of the results from analysis, with main conclusions and 
how the findings are increasing the research pool related to this topic in 
section Discussion and Conclusions.  
Mono Bucket Foundation Technology 
Widely researched and used in gas and oil industry, the suction 
technology is used for anchoring floating platforms. However, in wind 
energy one of first time when this concept was used as mono-pad 
foundation following the bearing principles of a caisson is recorded in 
the port of Frederikshavn 2002. The foundation carries a 3MW wind 
turbine from Vestas inside the harbour limits (Ibsen et al., 2005). 
The first offshore BF is afterward installed in the Horns Rev II site, 
followed by two more BF in Dogger Bank, sites located in North Sea. 
Met Masts placed on these three installed BF are to collect 
environmental data and to prove the BF concept. 
The loads from the supported structure are transferred by a shaft/leg to 
the suction caisson to seabed. In Fig.  1 the geometry of the BF is 
illustrated; then, the loads are carried to the caisson through the transfer 
webs and shaft welded to the lid of caisson. The suction caisson is 
made by skirt cylinder that penetrates soil; which is sealed by the lid 
plate at the top. Depending on the type of soil, clay chambers may be 
used to increase the suction capacity to penetrate clay or layered clay-
sand soils. 
The specific of the BF geometry whether with a mono-pad or a multi-
pad for jackets is defined by the ratio of the lid diameter (Db) to skirt 
length (Lsk) larger than 0.5, with usually target values around one. The 
ratio choice is governed by the soil type and soil properties. The 
bearing capacity of the BF combines both the principle of gravity based 
foundation and monopiles (Houlsby et al., 2005). 
The installation of suction caissons is divided into two stages; initial 
penetration under own weight to create a seal on the bottom ring; 
secondly, by the means of differential pressure created inside the 
caisson and in clay chambers if case, Fig.  2. Then the caisson is pushed 
down through differential pressure, either atmospheric or hydrostatic 
pressure.  
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Structural Design Team, Universal Foundation A/S
Aalborg, Denmark
A wind turbine foundation design without scour protection, especially for wind turbines in the North Sea, is a sensitive topic
for most offshore developers. However, recent research shows that this concept is realistic if there is extended comprehension of
the scour and backfill phenomena. The present paper shows the comparative results for monopile and bucket foundations
through the use of experimental analysis and field scour surveys of bucket foundations installed offshore. The main findings
show that the bucket foundation is a candidate for a design without scour protection that behaves like scour-protected
monopiles in a variety of environmental conditions.
INTRODUCTION
The first issue for each present and future offshore wind farm
is reducing the price of offshore wind energy to a competitive
level compared to conventional energy sources with lower costs for
fabrication and installation. The cost of offshore foundations for
wind turbines accounts for around 30% of the total cost of offshore
wind farms (Bakmar, 2009). Moreover, 6 to 10% of the total cost
of the wind farms represents the investment in protection against
erosion of the seabed around the classical monopile foundation,
which represents 0.08 to 0.15 million e for one foundation (DHI,
2012). Therefore, reducing or eliminating these costs would be a
positive quality for a foundation.
The present paper refers to the research on the behaviour of the
bucket foundation (BF) in scour and backfill actions. The authors
use an experimental approach to carry out the analysis. Additionally,
offshore sites with BFs provide the survey results in order to
support the outcome of the presented research. The BF concept
presented in the research refers to the Mono Bucket foundation.
Mono Bucket Foundation Technology
Despite the comprehensive research on and use of the suction
technology in the gas and oil industry, the BF is still a novel
solution in offshore wind energy. This concept was used for the
first time at the port of Frederikshavn, Denmark in 2002 as a
mono-pad foundation (Mono Bucket foundation) following the
bearing principles of a caisson. The foundation carries a 3 MW
wind turbine from Vestas inside the harbour limits (Ibsen et al.,
2005). The first offshore BF was then installed at the Horns Rev
II site in 2009, followed by two more BFs installed at Dogger
Bank in 2013, which are sites located in the North Sea. The BFs
support three met masts collecting environmental data at the sites
and proving the BF concept.
Received August 31, 2015; updated and further revised manuscript received
by the editors November 3, 2015. The original version (prior to the
final updated and revised manuscript) was presented at the Twenty-fifth
International Ocean and Polar Engineering Conference (ISOPE-2015),
Kona, Hawaii, June 21-26, 2015.
KEY WORDS: Bucket foundation, scour backfill, site investigation, experi-
ment.
A shaft/leg transfers the loads from the supported structure to
the suction caisson and into the foundation soil. Figure 1 illustrates
the BF geometry. A multi-shell skirt cylinder makes up the suction
caisson that will penetrate the soil and is sealed by the lid plate
at the top. Depending on the type of soil, clay chambers may be
used to increase the suction capacity in order to penetrate clay or
layered clay-sand soils and maintain verticality during installation.
The ratio of the lid diameter Db to the skirt length Lsk that is
larger than 0.5, with target values usually around one, defines the
specifics of the BF geometry as either a mono-pad or a multi-pad
for jackets. The soil type and soil properties govern the ratio choice.
The bearing capacity of the BF combines the principles of both a
gravity-based foundation and a monopile (Houlsby et al., 2005).
The installation of suction caissons is divided into two stages:
(1) the initial penetration of soil under the caisson’s own weight to
create a seal on the bottom ring; and (2) the application of suction
pressure inside the caisson and in the clay chambers if necessary.
Fig. 1 Perspective and vertical cross-sectional view of Mono Bucket
foundation
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ABSTRACT: Field experience proved that the Mono Bucket Foundations (MBFs) have good response 
against scour development. Moreover, the ratio between large diameter (bucket lid) and the small diame-
ter (shaft tower) is the driving parameter for the process of erosion/backfill, like scour protection diameter 
in the case of scour protected monopiles. However, the structural design to reduce the scour develop-
ment for MBFs is still open to optimization. The influences of parameters that generate backfill and 
scour, the transfer load webs and the misalignment with seabed, have not been systematically studied 
until now. Thus, an experimental analysis was carried out to quantify the influence of webs, the misalign-
ment parameters and combination of the two. The physical analysis uses the flume facility at Aalborg 
University. The test conditions are irregular waves superposition with co-directional or opposite tidal 
flow. Three structural models have been tested in several tidal cycles with a variation of the current inten-
sity. Three levels of alignment with seabed are taken: one flushing and two more with different levels of 
misalignment. Field results for installation stage have been collected from the North Sea and compared 
with lab tests. The results showed a sensibility to the misalignment height comparable with the berm 
height of the scour protection on traditional monopiles leading to edge scour. Design improvements to 
limit the scour and increase backfill have been found. The experimental analysis compared with real sur-
veys and existing studies showed good agreements. Scour protection based on collar solution shows high 
efficiency when scour protection should be required. The paper demonstrates good agreement between 
field measurements and small-scale studies. The unique value of the field measurements increases confi-
dence in small-scale studies which are subject to scale and lab effects.
monopile at seabed level in best cases and leaving 
the steel used to fix foundation in soil.
For suction caisson the structural parameters 
for optimization are many more, they group 
between actual coffer and the part connecting to 
the wind turbine tower. The caisson can be opti-
mized trough the plate thickness and geometry, 
shape of the caisson, diameter, fixing length in soil 
and reinforcement beams.
More features could be used to help during 
installation: 1) inner chambers are used for stabil-
ity control and to increase suction pressure capac-
ity; 2) nozzle spray system to reduce tip resistance 
for caisson’s walls and level seabed at the plate level 
of caisson in sandy soil and 3) cyclic installation by 
reversing suction/pressure for clay soils.
The connection to wind turbine tower can be 
either a shaft or jacket piercing above sea level. The 
two solutions have adjustable parameters, the thick-
ness of steel plate and diameter. The jacket type can 
also vary the number of legs and also the foundation 
caissons. The connection between suction caisson and 
the transfer part to the wind turbine tower is another 
part that can have an optimization regarding the 
number of beams, geometry and holes in the plates 
and thickness of the plates.
1 INTRODUCTION
The suction caisson technology is a competitive 
solution to the classic hammering approach of 
monopiles. The latter meets significant resistance 
from the environmental conditions due to ecolog-
ical impact of  vibrations and involves large costs 
for equipments and resources. The monopile on 
one hand is a simple technology that needs many 
added features to keep up with the wind turbine 
manufacturer requirements. The suction caisson 
is a complex technology that includes most of  the 
additional monopile features. However, optimiza-
tion is an ongoing process for both technologies.
For monopiles, the adjustable structural param-
eters are the plate thickness, diameter, length of 
hammering, transition piece and with/without 
scour protection. Additionally, monopiles use noise 
mitigation absorbent technology to face environ-
mental installation limitations which are wrapped 
around the foundation—or hybrid hammering and 
vibration systems in sandy soils. Nevertheless, these 
solutions increase the cost for monopile founda-
tions. Moreover, these add-on features are available 
only one way, for installation. The decommission 
process involves other machines to cut down the 
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A Stream Function Theory Based Calculation of Wave Kinematics for Very Steep Waves Using a Novel
Non-linear Stretching Technique
Ionut-Emanuel Stroescu1,2, Lasse Sørensen1, Peter Frigaard1, Morten Fejerskov2
Department of Civil Engineering, Aalborg University
Structural Design Team, Universal Foundation A/S
Aalborg, Denmark
ABSTRACT
A non-linear stretching method was implemented for stream func-
tion theory to solve wave kinematics for physical conditions close to
breaking waves in shallow waters, with wave heights limited by the
water depth. The non-linear stretching method proves itself robust,
efficient and fast, showing good agreement with numerical tools
used in the current study; hereby, extending the practical application
to load assessment for wind offshore engineering designs.
KEY WORDS: Stream; function; non-linear; stretching; prac-
tical; engineering; CFD.
INTRODUCTION
The stream function theory (SFT) has quickly become a preferable
method to assess the wave kinematics because of the numerical and
computational power evolution. The robustness and easy application
to shallow water waves of the SFT, made it popular for practical
applications. With fast results easy to apply directly into Morrison
equation, is preferred for offshore industrial design, such as wind
turbine foundation design. Hence, the use of resources like CFD
analysis, which still requires long calculation time, can be directed
toward more crucial design problems.
The upside of SFT refers to application for waves close to the
breaking limit. However, the breaking criterion for shallow water
with design wave heights (H) of 0.78 of water depths (h) proves
to be a challenging issue. Singularity problem of the Jacobian
determinant and the Fourier coefficients found for wave elevation
generating secondary peaks for the derived accelerations (doubling
its magnitude values) are examples of SFT limitations for extreme
cases. Moreover, in practical design of offshore wind turbines
foundation these design conditions are frequently encountered.
Therefore, an intensive research started on this topic by checking
some possible methods to extend the range of solution convergence
for waves close to breaking limit for SFT.
The most common applications of the Fourier fitting coeffi-
cients for water elevation to obtain the kinematics of a wave are
given in literature with respect to Dean (1965) and Fenton (2015)
publications. The latter, refers to the on-line support manual for the
computation programs offered by J. Fenton relating his entire work
for wave theory publications.
The general practice, both for research and design standards,
refers to the SFT from Dean (1965) and forms the core for the
classical SFT in current study.
The recommendations for practical implementation of SFT from
Brorsen (2007) and Fenton (2015) emphasize step-wise increase of
the wave height toward the target wave height with updated initial
conditions to obtain the SFT solution in each step rather than a
large number of points toward the wave crest. Therefore, the error
reduces from the initial estimation given by the Linear Wave Theory
(LWT) and improves the convergence when using methods like
Newton-Raphson. For shallow cases with the ratio of wave height
to water depth higher than H/h=0.68, classical SFT according to
either Dean (1965) or Fenton (2015) usually fails .
The breaking limit in shallow waters depends mostly on bathymetry,
and studies like Nelson (1994) show that the breaking on flat bed
occurs around H/h ≈0.55 value and it can up to H/h ≈0.8 for
sloped seabed. However, the offshore wind industry design practice
assumes the latter if water depth defines the maximum wave height
in shallow waters regardless of bathymetry. To face this problem
a practical method has been seen by increasing the water depth
while keeping the wave height as the one given by design conditions.
The current study emphasizes a non-linear stretching method
to capture the wave kinematics close to breaking when the classical
SFT fails to find a solution.
The comparison analysis checks the validity of the non-linear
stretching by numerical means. Thus, another SFT implemented
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SUMMARY
Offshore field results are very important for correlating experimental and nu-
merical research. The cost of mobilising a seabed survey in the marine envi-
ronment is high, and not many developers or offshore wind farm owners are 
willing to pay or to publish results with the seabed changes around offshore 
wind turbine foundations. In this context, the present industrial PhD project 
provides with the courtesy of Universal Foundation A/S such results to the 
research and public view. The results collected offshore with erosion (scour) 
development around Mono Bucket foundations are unique and provides val-
ue to the design process by reducing the costs of offshore wind turbines. The 
scour development can place the foundation and the structure in danger if it 
develops beyond design limits. Thus, engineers place a layer of scour pro-
tection to prevent the scour from developing. The Mono Bucket has built-in 
features to reduce the scour development and to generate cost savings. The 
present work provides updated guidelines for assessing the scour development 
for Mono Bucket foundation.
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S
C
O
U
R
 D
E
V
E
LO
P
M
E
N
T A
R
O
U
N
D
 M
O
N
O
 B
U
C
K
E
T FO
U
N
D
ATIO
N
S
IO
N
U
T-EM
A
N
U
EL STR
O
ESC
U
